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ABSTRACT
The work described in this thesis is based on an 
investigation into the sorptive behaviour of gold in dilute, 
aqueous solutions of surface-active agents.
Extent of adsorption, by gold, of some long-chain 
pyridinium bromides, trimethylammonium bromides and sodium 
sulphates has been measured by the determination of 
concentration loss from solution. Surfactant concentration 
has been determined by several methods, of which the "soap 
antagonistic'1 titration technique was found to be most 
useful. Surface area of the gold powder has been determined 
and used to give a more quantitative picture of the adsorption 
process.
Electrokinetic properties of gold in the surfactant 
solutions have been investigated by microelectrophoresis,,
The electrophoretic mobilities determined by this method have 
been used to calculate electrokinetic potentials and charges 
for these systems,
A simple method of determining flotation has been 
perfected. The results obtained by this method were 
consistent with contact angle determinations and proved to 
be useful in the elucidation of the orientation of surfactant
-4-
ions at the solid/solution interface*
Critical micelle concentration has been determined 
for each compound studied; these values have been used to 
calculate reduced concentration. The presentation of 
results as a function of reduced concentration has enabled 
direct comparisons to be made between different compounds.
Correlations between the different measurements have 
been interpreted in terms of two-layer adsorption; the 
possibility of micelle formation in the primary adsorbed 
layer has also been considered. Some conclusions have 
been drawn regarding the modes of orientation of surfactant 
ions in the adsorbed layers.
-5-
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SECTI0N===1.
INTRODUCTION.
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1*1. General Introduction
When two phases come into contact there is a rearrange­
ment of the components of the system to give the minimum free 
energy at. the interface. This redistribution of components in 
the interfacial region is termed adsorption.
Generally, when two uncharged phases are brought 
together a potential difference is established across 
the phase boundary. This potential is attributed to the 
formation of an electrical double layer in which there will be 
an excess of positive charge towards one phase and an excess
of negative charge towards the other.
1 2Early workers 1 treated the electrical aspect of
adsorption in terms of condenser-like double layers. The
3 ^theories of Gouy and Chapman ’ also embody this double layer 
concept. Further, these workers took into account the effects 
of the random thermal motions which occur in the liquid phase. 
They considered that ions attracted to a charged surface would i 
form a diffuse layer in the solution adjacent to the surface. 
Such a layer exhibits a deficiency of ions of the same sign as 
the solid surface and an excess of oppositely charged ions.
The ion excesses and deficiencies in the diffuse layer decrease
|
with increasing distance from the surface until the distribution 
of ions becomes that of the bulk solution, j
-9-
By assuming the ions to be point charges, the average 
ionic concentration ( )  , at any point in the diffuse layer, 
can be calculated from the electrical potential (ij/) at that
point by means of the Boltzmann theorems
B ,-Z.eU/)n. s= n. exp. ( i /
1 1  kT
3where n^ is the concentration of ions, with valency , 
at a distance from the surface such that^7 = 0, e is the 
electronic charge, k the Boltzmann constant and T the absolute 
temperature*
If the extension of the diffuse layer is small compared 
with the radius of curvature of the surface, then Poisson's 
equation is applicable. This equation relates charge density 
(p) and potential (j/ ) at a distance (x) from a flat surface, 
such that:
-^ Ttp
dx^ c
Combination of the Boltzmann and Poisson equations allows
the calculations of the charge per unit area (a-) for a flat
diffuse layer: / \ j l / v  ^  j l
ekT \ 2 ( „ f / - Z e ^ Q ' "1/2
<r" ‘ — 1
where ^  q is the potential at the surface.
-10-
This theory suffers from the major defect that ions
only behave as point charges in very dilute solutions. In
5 6this respect it has been shown ’ that in certain instances 
the Gouy theory predicts ridiculously high values for the 
surface concentration of counterions e.g. 160 N at a bulk 
concentration of 10~\i and a double layer potential of 300 mv.
At present the most generally accepted view of the 
electrostatic phenomenon of adsorption is that proposed by
7
Stern. In this theory the specific adsorption of counterxons 
at the surface and also the non-zero size of these ions are 
considered. Stern visualised the charge in the liquid phase 
to be in two parts; one part due to a single layer of ions 
firmly held within a distance 6 of the surface and a second 
part due to a diffuse layer of the Gouy type. The charges 
on the fixed and diffuse layers were termed cJ"^ and respectively,., 
According to the Stern theory the electric potential 
within the fixed layer varies linearly, as in an electrical 
condenser, whereas in the diffuse layer the potential declines 
exponentially until it becomes zero somewhere in the bulk 
solution. For overall electro-neutrality:
or- = <r. + cr~
0 . 1 . 2
where cT^  is the surface charge, usually having its origins in 
ionisation of the solid surface.
-11-
Application of a shearing force parallel to a charged 
interface results in the well known electrokinetic phenomena 
of streaming potential (Quincke 1859) and sedimentation poten­
tial (Dorn 1878)« If an electric field is applied parallel 
to the interface then relative motion occurs, as in electro­
phoresis (Reuss 1808) and electro-osmosis (Porret l8l6), It 
was early shown that these effects were dependent not on 
surface charge but on an electric potential, within the double 
layer, now known as the electrokinetic or zeta ( ^ ) potential* 
The electrokinetic potential is the electric potential 
at some plane, outside the fixed layer, known as the plane 
of shear. At this plane solvent molecules and ions are 
sufficiently loosely held for their tangential displacement 
to occur, relative to the solid surface and its more tightly 
held ions and solvent molecules, The position of the shear 
plane cannot be located exactly, due to the uncertainty of the 
effect of the powerful electric field set up at the interface 
by adsorbed ions. However, it is now almost certain that 
such an electric field would lead to the immobilisation of a 
layer thicker than the single ionic diameters originally 
envisaged by Stern. The identification of electrokinetic 
potential with^d, the potential at the boundary between the
-12-
fixed and diffuse layers of the Stern model, must therefore 
be dubious. Should the shear plane occur further out in 
the diffuse layer ^  will be less than ^  d, however, it is 
difficult to see how any part of the "diffuse layer" retained 
on the surface side of the shear plane can still be considered 
as being diffuse.
In the present work the type of ionic species under 
consideration also exhibit surface-active properties. Some 
further aspects of this more specialised form of ion adsorption 
are dealt with in the next sections,
1,2, Ionic Surface-Active Agents; Previous Work.
The increasing technical importance of ionic surface 
active agents in the last two decades, has led to extensive 
investigation of systems involving these materials. Perhaps 
the most important property of surfactants is their ability 
to modify the wetting characteristics of the surface on which 
they are adsorbed. In this respect the orientation of the 
adsorbed surfactant ions is of particular interest.
It is generally supposed that the initial stages of 
adsorption of paraffin-chain electrolytes on polar solids occur 
by attachment of the polar head-groups of the surface-active 
ions by electrostatic attraction. The strong dependence of 
the adsorption on the pH of the solution reflects the
-  13-
dependence upon pH of the number and sign of* the polar sites
g
on the surface. Also to be considered are the chemical
affinity of the surface-active ion for the surface and particularly
following the initial stages of adsorption, the tendency for
the hydrocarbon part of the ion to be expelled from the aqueous
phase and to associate at the interface,
9-13Fuerstenau and co-workers have demonstrated
correlations between electrokinetic potential, flotation 
characteristics and contact angle* These workers observed 
that at low concentrations long-chain surfactant ions affected 
the electrokinetic potential at a solid/solution interface 
in much the same way as simple, indifferent electrolytes.
However, on increasing the concentration a rapid change in 
electrokinetic potential was observed at concentrations 
characteristic of the hydrocarbon chain-length, Similar 
changes were observed in contact angle and flotation character­
istics at the same concentrations, It was concluded that the 
long-chain ions were initially adsorbed individually, but that 
when a certain critical concentration at the solid/solution 
interface was exceeded the ions associated at the surface in 
much the same way as they do to form micelles in bulk 
solution. The analogy between micelles in bulk solution and 
this two-dimensional association at a solid surface, resulted
-l4-
»?
in the latter being termed "hemimicelles* The forces governing 
the formation of these ''hemimicelles" will be the same as those 
operating in bulk solution. At still higher concentrations 
the possibility of multilayer formation has been considered.
14—16Schulman in his work on the adsorption of sodium
dodecyl sulphate by metals and minerals, has found evidence 
for double layer formation, A first layer of vertically 
oriented molecules was assumed to be formed by chemical inter­
action of the dodecyl sulphate head-groups with the adsorbent 
surface; this allows adsorption of a second layer in reverse 
orientation by interchain cohesion. Such a simple two-layer 
structure is attractive in view of the two-step isotherms and j
rewetting phenomena observed by these workers. However, j
17 *Jaycock and Ottewill have pointed out that a flat or angled
I
orientation of the adsorbed surfactant molecules may be
energetically more likely than perpendicular orientation, The j
!
hydrocarbon part of the surfactant molecule being repellant 5
to water exhibits a tendency to remove itself as far as possible 
from the aqueous phase. Vertical orientation at the interface, 
involving the maximum entry of the hydrocarbon chain into the 
water with a subsequent high degree of perturbation of the
b-
hydrogen-bonded structure, would therefore seem unlikely.
-15-
Energetically it would be easier for the hydrocarbon chains
to take up a position flat against the surface of the adsorbent, j
Such an arrangement would involve displacement of water from
the surface but this would require less work than insertion
of the chains into the aqueous phase. At a charged surface j
l8water may be strongly bonded to give an ,fice-like11 structure,
in this case a slightly angled orientation of the chains may 
be most likely.
During the formation of "hemimicelles" the hydrocarbon 
chains associate together to give a minimum contact with the 
aqueous phase. In this situation vertical orientation of the 
surface-active ions becomes much more probable* The evidence 
suggests therefore that initially individual ions are adsorbed 
into a primary layer with a flat or angled orientation, but that j 
at certain critical concentrations rearrangement occurs to give
j -
patches of associated, vertically orientated chains. Either 
before or after completion of a monolayer there is the possibility: 
of a second layer being adsorbed in reverse orientation by 
inter-chain cohesion,
1,3* Present Work.
Much of the previous work in this field has been 
concerned with practical systems, especially those involving |
the flotation of minerals. This has led to difficulties in
- 16-
the interpretation of results due to initial impurities and
side-reactions. In the present work gold was chosen as the
adsorbent primarily to overcome these difficulties. Gold can
be obtained in an extremely pure state and its low reactivity
means that it can be subjected to rigorous cleaning without
materially affecting the surface composition*
19With the exception of mercury , studies of adsorption
at the metal interface in aqueous solutions have been
relatively few, Electrokinetic measurements have been
limited by the conducting nature of metals. However, Harrison 
20and Elton have determined electrokinetic potentials of gold
and silver in some inorganic electrolyte solutions from
electrophoretic data, assuming the particles behave effectively
as non-conductors. These workers obtained satisfactory
21agreement with results of Hurd and Hackerman using the
streaming current technique. The complete electrical
polarisation of small metallic particles can be produced by
22polarisation tensions of a few microvolts, such polarisation 
would occur under the experimental conditions employed for 
microelectrophoresis. Consequently the metallic particles 
behave as though non-conducting and the theories of electro­
phoresis derived on this basis can be applied to these systems.
-17-
In. the work to be described in this thesis the interface
between gold and aqueous solutions of some long-chain alkyl
sulphates, pyridinium bromides and trimethylammonium bromides
has been quantitatively studied. Surface areas have been
determined by gas adsorption methods. These methods are
generally considered to have a sound theoretical basis in the
B.E.T, equation, although recently this assumption has been 
23criticised. However, the B.E.T. equation does provide an 
accepted standard method for the empirical determination of 
monolayer coverage for non-porous solids, but the general <
I
application of the results to a solid/solution system must be 
of doubtful significance, i
Adsorption measurements have been made by determination 
of concentration loss from solution and electrokinetic propertied 
investigated by microelectrophoresis. Correlations have been 
made between these results and flotation data; some conclusions! 
have been drawn regarding the mode of orientation of the 
surface-active ions in the adsorbed layers, [
-18-
SECTION 2
EXPERIMENTAL
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2,1. Materials
Precipitated gold powder was obtained from 
Johnson Matthey and Co. Ltd, The gold sample used for the 
adsorption work was predominantly composed of particles in the 
size range 1 - 10 diam. Before use the gold was treated 
with concentrated nitric acid, followed by repeated washing 
in hot, redistilled, deionised water until no change in 
conductivity of the washings was observed. After successive |
washes in alcohol and ether, samples were dried under vacuum. 
Subsequent to use in an adsorption determination, specimens 
were repeatedly washed in hot, redistilled water until the 
surface tension of the washings, as measured by a Du Noify j
I
tensioraeter, reached the value for pure water. For the 
electrophoretic work, gold fines ( 1 - 2 diam.) were separated 
from the main sample by fractional sedimentation.
All water used for washing the gold and in the preparation 
of solutions was redistilled,deionised water. The distillation, 
was carried out in a 'Pyrex* glass, grease-free apparatus under
j -
an atmosphere of nitrogen. The water was stored in the 
collecting flask under nitrogen; wherever possible freshly 
distilled water was used.
-20-
Cetyl pyridinium bromide, CPB . , supplied by B.D.H.Ltd., 
was recrystallised from acetone before use, Tetradecyl, 
dodecyl and decyl pyridinium bromides, TPB, DPB, apd 
De. PB* , were prepared by heating the alkyl bromide (Kodak Ltd.) 
with a 20% mole, excess of redistilled pyridine under reflux 
at 110-120°C for 2-3 hrs. The brown, sticky reaction mixtures 
were recrystallised several times from acetone/petroleum ether 
mixtures to give white, crystalline products. For the shorter 
chain materials it was necessary to cool the acetone solutions 
to -20-30°C before recrystallisation occurred,
Octadecyl, cetyl, tetradecyl trimethylammonium bromides, 
0TAB,CTAB and TTAB, supplied by Glovers Chemicals Ltd., were 
recrystallised several times from acetone before use, Dodecyl
2k
trimethylammonium bromide , DTAB,, was prepared by heating 
a 20% mole, excess of anhydrous trimethylamine solution in 
absolute alcohol with n-bromododecane (Kodak Ltd.) under 
reflux for 3 hr,, using a condenser cooled by ice-cold water 
to eliminate loss of the highly volatile amine. Cooling of 
the reaction mixture precipitated the product which was 
recrystallised from acetone before being dried in a vacuum 
desiccator.
Sodium dodecyl sulphate, SDS,. . supplied by 
Cyclo Chemicals Ltd, was used without further purification.
-21-
Sodium tetradecyl sulphate and sodium cetyl sulphate, STS
and SCS, were obtained from K and K Laboratories Inc, as a
25% solution and 40% paste respectively. Fairly pure SCS
was isolated from the paste by recrystallisation from water.
The STS material was not significantly improved on
recrystallisation and was undoubtedly of inferior quality.
Manoxol OT [di(2-ethyl-1-hexanol) sodiumsulphosuccinic acid]
was obtained from B.D.H. and used without further treatment.
The purity of all materials, determined with B.D.H, "standard
cationic compound” (cetyl pyridinium bromide) as primary
standard, was between 98 and 100% with the exception of STS. .
Although analysis showed that most compounds were
reasonably pure the surface tension against logarithm of
concentration curves showed minima at the critical micelle
concentrations, as illustrated on Figs. ( 1 ) and ( 2 ). This
phenomenon is generally associated with the presence of a
surface-active impurity. Attempts were made to eliminate the
25
impurity by foam-fractionation, see Fig.( I ), and solvent
26
extraction techniques. For SDS it was found that foam- 
fractionation did tend to remove the minimum, although it 
reappeared if the solutions were left standing. This 
suggested that the impurity was the result of hydrolysis of the
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surface-act ive agent. The effects of this hydrolysis were
minimised by making measurements on freshly prepared solutions.
2,2. Cleaning of Apparatus
Before use all glassware was soaked for at least 12 hrs, 
in chromic acid cleaning mixture. Further degreasing was 
carried out by treatment with a mixture of ethanol and nitric 
acid, the products of this reaction were washed away with 
tap-water followed by "steaming" for 45 mins. The apparatus 
was dried in an oven.
Conductivity cells were treated as above but additionally 
they were soaked in successive changes of doubly-distilled water 
for 24 hrs* before drying. Electrodes were cleaned with 
successive washes of benzene and concentrated sulphuric acid, 
followed by thorough washing and then prolonged soaking in 
doubly-distilled water. Finally the electrodes were dried 
on clean filter-paper.
-25-
2,3* Surface Area Determinations
It was intended that surface area be determined by as 
many different methods as possible. Measurements of 
adsorption have been made from both the liquid and gas phases,
2,3a. Adsorption of Stearic Acid
Stearic acid was adsorbed on gold from benzene solution. 
Initial and equilibrium concentrations were determined by the
27
film-spreading method proposed by Hutchinson and later
28
improved on by Greenhill , A surface balance similar to the
29
one described by Alexander was employed. Solutions were
equilibrated in the same way as described under section 2,2a,
Despite high ratios of adsorbent to solution, concentration loss
was only of the order of a few per cent. This confirmed work
30
by Heymann and Boye who found that higher fatty acids were not
appreciably adsorbed by gold from non-aqueous solution. It
31,32
has been pointed out that for non-polar surfaces the fatty acids 
may be adsorbed with the hydrocarbon chains parallel to the 
surface. The gold surface is not covered by oxide film and it 
is likely that adsorption of stearic acid occurs in this flat 
orientation. The molecular area for a stearic acid molecule 
adsorbed parallel to the surface is five times greater than that 
for a perpendicularly adsorbed molecule, this difference could
-26-
explain the low adsorption found for fatty acids on gold. j
Although the concentration loss could not be improved |
sufficiently to give an accurate surface area, by this method, 
calculations using the molecular area for stearic acid adsorbed 
in parallel orientation gave values of the same order as those 
determined by other methods. j
2,3b. Adsorption of Krypton Gas
2.3b(i) Volumetric Method
A schematic representation of the apparatus is shown 
in Fig. (XI ) . It consisted of a krypton reservoir, a sorption
33
bulb, a doser volume and a Mcleod gauge designed to allow the 
pressure of gas enclosed in the bulb to be measured against a 
high vacuum. Before use the total doser volume of the apparatus
I
!
was determined, to an accuracy of 0 ,5%* .i
With taps T^, T,_ shut and open a weighed amount of ;
gold contained in the sorption bulb was introduced into the
system. Tap T^ was opened and the sample outgassed for at 
least 24 hrs. After the outgassing the sorption bulb was |
surrounded by liquid nitrogen up to a graduated mark on the 
tube, the liquid, was maintained at this level throughout the 
experiment. The krypton supply was also frozen out by 
immersing the side arm on the reservoir in liquid nitrogen.
- 27 -
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Krypton was introduced into the apparatus by opening tap
briefly with and closed; the size of the doses was
determined by trial and error. Tap was opened and the
system left for 1 hr, to reach equilibrium; T*_ was then
closed and the pressure of the unadsorbed gas remaining in the
doser volume measured, A second dose was introduced into the
system, its pressure measured, opened and the system left
for 30 niin. to reach a new equilibrium pressure, which was
measured. The third and successive doses were left for
15 min. only before equilibrium was reached.
The saturated vapour pressure of krypton, at liquid
nitrogen temperatures, was measured with tap T^ open and T^
shut. The liquid nitrogen temperature was then interpolated
34
from a graph of krypton vapour pressure against temperature . 
This temperature was required in order that the volume of the 
sorption bulb surrounded by liquid nitrogen could be corrected 
to N„T.P.
All measured equilibrium pressures (pm ) over the 
adsorbent had to be corrected for thermal transpiration. The 
true equilibrium pressure (p ') at liquid nitrogen temperatures
35 e
has been shown to be:
P ' - P e m
1 -  0.490_________
37.2 D2pm 2 + liA5 Dpm + 1
where D is the diameter of tubing in mm. over which the thermal 
gradient occurs* In the system used D was 3 mm., the equation 
holds for PmD ^  0.07 mm. Hg,
Treatment of Results
Volume of Kr adsorbed/run, at N.T.P. = V +V -V^ = AV.
1 <2 3
Where; was the volume of Kr remaining in the sorption bulb
from a previous run, corrected to N.T.P.
V was the volume of Kr in the doser at N.T.P.cL
V_ was the volume of Kr remaining in the whole system 
after equilibrium had been reached on a subsequent run.
V I =0.00934 Pe V 2 =0.05123 PD v, =0.06058 p^
Where pg is the equilibrium pressure from the previous run, 
p^ is the dose pressure and p^ the equilibrium pressure.
The constants were to convert pressures to volumes at N.T.P., 
they were calculated from Boyle’s Law using the calibrated 
volumes determined for this apparatus. The total volume of 
Kr adsorbed at a given equilibrium pressure was given by the 
sum of all previous AVs.
Surface area was determined from the adsorption isotherm 
by use of the B.E.T. equation :-
-30-
p is the S.V.P. of Kr at liquid nitrogen temperature, p x the o ©
true equilibrium pressure, XI AV the volume of Kr adsorbed, in 
mis. at N.T.P., the volume of Kr to giv© a monolayer and 
c a constant.
A plot of AV/p^-p *) against (*>0/po) should give a
straight line in the relative pressure region 0 ,05-0 .35. vm 
and c can then be calculated from the slope and intercept of 
this line.
Vm*N#<rKr 2Specific surface area = -------- r— cm /g,
2 2.414x10 xW
where N is Avogadro’s number and W the weight of sample. The 
term 5“^  is the area occupied at the surface by each adsorbed
02Kr molecule, the value of 19*5A originally determined by
36
Beebe, Beckwith and Honig was taken.
852,3b(ii) Volumetric Method Using Kr Labelled Krypton
37
This method was first used by Aylmore and Jepson , a 
diagram of the apparatus is shown in Fig.(III). The principles 
involved are basically the same as those described in 
section 2.3b(i), except that measurement of pressure is 
replaced by a radioactivity counting technique capable of 
accuracy greater than that obtainable with the less sophisti­
cated volumetric methods.
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The sample holder, containing a weighed amount of adsorber 
was introduced into the apparatus, which was then slowly pumped 
out through the fine jet on tap 9* When the mercury in C and 
D had reached its maximum level taps 8 and 9 were closed and
-5the pressure reduced to a satisfactory level ( «*• 10 mm. Hg) .
The sample was baked-out at 120°C for 1 hr, during this time 
the background radiation was counted.
After outgassing taps 1 and 2 were shut, the sample was 
cooled by blowing compressed air over it. The krypton supply 
was frozen out by raising a Dewar flask, filled with liquid 
nitrogen around the side arm A. A quantity of krypton at 
its S.V.P. was introduced into the apparatus by lowering the 
mercury seal to the bottom of its 'U1 bend, this supply was 
then cut off by raising the mercury seal. By surrounding 
the krypton reservoir with liquid nitrogen the gas introduced 
was frozen out, tap 4 was then closed. Nitrogen gas was 
bubbled through the liquid nitrogen around the reservoir and 
oxygen thermometer bulb to prevent super-cooling.
Both columns of mercury in C and D were raised to the 
top calibration and an S.V.P. count determined. In all 
counting the time taken for a given number of counts was deter­
mined. The liquid nitrogen temperature was found from the
-33-
difference in mercury levels of the oxygen thermometer, hence 
the S.V.P. of krypton was determined from a plot of pO^ 
against p Kr.
Sufficient gas for the run was introduced by lowering 
the mercury in C and D followed by the closing of tap 3i the 
quantity of gas needed was determined by trial and error.
Mercury levels in C and D were dropped to the bottom graduations 
and a count determined at room temperature. The sample holder 
was then surrounded by liquid nitrogen with gas bubbling 
through it; the liquid level was kept constant throughout the 
experiment. A period of 30 min, was allowed for equilibrium 
to be reached, another count with C and D still empty was then 
determined. The mercury level in C was raised to the top 
graduation, the level in D was raised by small amounts with 
counts being determined at each calibrated volume.
Treatment of results
All counting times must be corrected for the ’dead-time' 
of the Geiger-MU*Ller tube, this is the time between each 
counted pulse when the tube does not register. In this case 
the 'dead-time* was 5x10 secs., thus for a count of 10 
pulses 5 secs* must be subtracted from the counting time.
The counting times were converted to count rates (Nj) and
-34-
corrected for background radiation,
Relative pressure (^/p0) in the B,E,T. equation was 
given by :
JELL th.
N,
count rate at j * reading. 
S.V.P. count rate.S.V.P.
Corrections for thermonuclear flow were made for all values
of (p/p„). o
Volume of krypton adsorbed was given by
AV = 0.124a [T1-T2lcm3.
(0.124 was a calibration constant for the apparatus used)
> 9 
N.
a _ S.V.P. krypton
S.V.P.
? - Si
i “ 100
vol. 
(hot)
T  -  JLL 
2 “  100
vol.
(cold)
Volume (hot) was the volume of the apparatus when the 
sample container was at room temperature and volume (cold) was 
the volume when the sample was surrounded by liquid nitrogen. 
These values were obtained from calibration data.
Surface area was then determined in exactly the same 
way as described in section 2.3b(i).
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2.4. Adsorption
Extent of adsorption was measured by the determination 
of concentration loss from solution. Three methods for 
determining concentration have been employed with different 
degrees of success.
2.4a. Titrimetric Analysis
The soap antagonistic titration technique originally
38
devised by Barr, Oliver and Stubbings was adopted. In this 
method solutions of oppositely charged surfactants are 
titrated against each other in the presence of an indicator 
dye. The end-point of the titration is determined by the 
transference to a chloroform layer of a coloured complex 
formed between the indicator and an excess of titrant. It 
was found most convenient to choose the indicator so that, 
at the end-point, transfer of the complex always occurred from 
the aqueous to the chloroform layer. Consequently for the 
titration of cationic against anionic surfactant the 
anionic dye bromophenol blue was used, whereas the cationic 
dye methylene blue was adopted for the reverse process.
The optimum concentration range for this method of
38 _ 'Z
analysis has been given as 3- 8x10 M; in the present work 
this has been extended from 10 ^-10 “2M. At concentrations
less than about 10 the complex formation between oppositely 
charged surfactants becomes non-stoichiometric, however, it 
was possible to correct for this by determining the degree of 
stoichiometry at the concentration required.
In the determination of adsorption, appropriate weights 
(10-40g) of gold powder were weighed into bottles containing 
15-20 mis. of the surfactant solutions under investigation.
The rubber-sealed, screw-capped bottles were shaken vigorously
+ ' oin a thermostat at 25 - 0,2 C, Equilibrium was reached after
2-3 hrs, but measurements were usually made after 2k hrs.
The concentration of original and equilibrated solutions were
determined by the technique described above. The amount a of
2
adsorption in molecules/cm, was calculated using the equation :-
(Co - C ) NV
a = -------------
1000 WA.
where Cq , are original and equilibrium concentrations of
surface-active agent in solution (equiv,/ml), V = vol, of
solution equilibrated with ¥ g. of gold powder of specific
2
surface area A cm,
2.kb, Conductimetric Analysis
The decrease in sensitivity of titrimetric analysis 
below concentrations of 10~^M indicated the desirability of a 
different analytical method in this region. Some conductimetric
-37-
analyses were therefore carried out on Manoxol OT solutions,
Measurements were made on a Wheatstone bridge apparatus 
39
described in detail elsewhere. The conductivity cell used
is shown in Fig (IV), it consisted of an electrode chamber
attached to a mixing compartment containing a stirrer and with
provision made for the addition of solution. The electrodes
were made of greyed platinum sheet. Inlets to both chambers
were provided for the passage of nitrogen. All measurements
+ owere made in an oil thermostat at 25 - 0,01 C.
Initially a weighed quantity of water was placed in the 
mixing compartment of the cell, followed by weighed amounts 
of a stock solution of known concentration, added from a 
specially designed pyknometer shown in Fig.( V). After each 
addition of stock solution the mixture was thoroughly stirred 
before transferring it to the electrode chamber by increasing 
the nitrogen pressure in the mixing compartment. Conductivity 
was then determined in the usual way before the solution was 
returned to the mixing compartment. The concentration of 
surface-active agent corresponding to each measured conductivity 
was calculated and a calibration curve constructed.
For the determination of adsorption a known quantity of 
gold was introduced into the mixer containing water as before. 
Aliquots of stock solution were added and the mixture allowed
-3 8-
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to equilibrate, with constant stirring, for 2-3 hrs. After 
this time the gold was allowed to settle out and the supernatant 
liquid carefully transferred to the electrode chamber, where its 
conductivity was measured* This process was repeated until no 
further change in concentration occurred. Equilibrium 
concentrations were given by the conductivity measurements in 
conjunction with the calibration curve. Original concentration 
were calculated from the amount of stock solution added to 
equilibrium mixtures of measured concentration. Adsorption 
a was then calculated as before.
This method suffered from the major disadvantage that 
when gold powder was introduced into the cell it caused a 
marked increase in the conductivity of the water already 
present. The ’’solvent correction” (water + gold) was 
frequently so high that further measurements were of doubtful 
significance, consequently this method was not much used.
The explanation for this increase in conductivity is not 
established but it is probably due to surface conductance 
effects of very fine gold particles carried over into the 
electrode chamber.
-40-
2.4c. Spectrophotometric Analysis
The method is based on the same principle as that
employed in titrimetric analysis of surfactants. A neutral
complex between a dye and surfactant is formed and quantitatively
extracted from the aqueous phase into an organic layer, which
is then analysed colorimetrically. Several such techniques
for the analysis of anionic and cationic detergents are
40
described in the literature. Karush and Sonenberg have 
described a method using the dye rosaniline hydrochloride.
It was found that this dye was appreciably soluble in the 
organic layer, even after the repeated extractions recommended 
by Karush and Sonenberg. The resulting blank corrections 
necessary were so high that the method was rendered unsatis­
factory. The dye methylene blue was similarly unsuitable. 
Analysis of anionic surface-active agents by this method was 
abandoned.
Cationic surfactants have been analysed by Few and
41
Ottewill using the dye Orange II [p~(j3-naphthol-aa:o) 
benzenesulphonic acid], A sample of Orange II was prepared. 
Extraction of this material into the organic layer was found 
to be negligible. The following experimental technique was 
adopted; Orange II in 0.1M NaCl(1 ml.), surfactant solution
-4i-
(4 ml,) and chloroform (5 ml.) were carefully pipetted into 
clean, dry, glass-stoppered test-tubes. The tubes were then 
vigorously shaken for 5 mins. followed by 5 mins. centrifuging. 
After allowing the solutions to stand for 4 hrs. the organic 
layers were transferred to 1 cm. pathlength quartz cells, time 
was allowed for air-bubbles to disperse, and then the optical 
densities were measured on an S.P.500 spectrophotometer at a 
wavelength of 488 mu. Where possible, optical densities were 
measured in the optimum range 0.25-1. Mean values for 
optical densities of duplicates were reproducible to £ 2%,
The values obtained for extent of adsorption at
concentrations less than 10 were higher than expected. At
these low concentrations the ratios of solution to solid used
were greatly different from those employed in the determinations
42
involving titrimetric analysis. Kipling has stated that in 
such a situation the presence of any impurity will cause 
anomalous results. In fact when the ratio of solution to 
solid was adjusted better results were obtained. Unfortunately 
insufficient time was available to completely evaluate this 
method.
Summary
Each of the analytical methods described above were 
extensively evaluated. Although its applicability was limited 
to a certain degree, titrimetric analysis was found to be the 
most useful. This method was employed for the bulk of the 
analytical work described here.
-42-
2,5. Electrophoretic Measurements
The apparatus used is shown in Fig.(YI). The
microelectrophoretic cell consisted of a Pyrex capillary l8 cm.
long, 2.5 mm. diam., with an electrode chamber at each end.
2Electrodes were of greyed platinum sheet, each 3 cm ., a
potential gradient of 6-8 V/cm* was provided by a stabilised
d.c. power unit. The capillary was mounted vertically on the
stage of a microscope set for horizontal viewing. The
centre-section of the capillary wall was ground flat on two
faces at right-angles, one for viewing, the other for
illumination by a lamp and condenser system containing a water
heat filter. The microscope objective was x 15 and the
eyepiece x 20. Observation of particle velocities in the
43
calculated stationary level were made for each direction of 
the electric field, i.e. with and against gravity. In 
focusing at the stationary level, allowance was made for the
44
optical effect of the plano-concave lens of the cell wall , 
Velocities were measured by timing the passage of particles 
across a calibrated eye-piece graticle using two stop-watches 
in order that continuous observation of a given particle could 
be maintained for both directions of the field. The 
electrophoretic velocity of the particle was then given by the
- 43 -
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Light Focussing 
System
Heat Filter
Microscope Objective
FIGURE 2 1  Cell and Experimental Arrangement for Electrophoretic
Determinations
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mean of the velocities with opposite directions of the field.
Suspensions for electrophoretic examination were
prepared by mixing appropriate volumes of a stock suspension
of gold fines in redistilled, deionised water with solutions
of surface-active agent. Ratios of area of solid to volume
of solution were so small that no correction of the electrolyte
concentration for loss by adsorption was required; Prior to
an electrophoretic determination the cell was flushed with
solution of the same electrolyte concentration as to be
examined. Velocities of at least 50 particles were determined
for each electrolyte concentration and although the scatter
was sometimes large, average values were reproducible within
6% for each member of the cationic series and within 3% for
each member of the anionic series. All measurements were
+ omade in a thermostatted room at 25 * 2 C,
Electrophoretic velocity (v„) was calculated from theHt
equation
vE = k I - V Tb]
where is the time for a particle to cover a known distance
with the top electrode positive and T„ is the time to cover theo
same distance with the bottom electrode positive, k is a 
constant for the apparatus:-
-45-
where d = distance between electrodes (17.63 cms.), s = distance 
over which moving particles were timed (69 or 138 yn, depending 
on particle velocity), v = applied voltage (120v,).
. •  -1
. . k = 10.14 or 20.28 -ja.v. cm.
An equation relating electrokinetic potential (^ ) and
1
electrophoretic velocity was first derived by Helmholtz .
He presented a simplified concept of the double-layer with a
plane layer of positive charges on one side of the phase
boundary, and a similar plane layer of negative charges on
the other side such that
4 tcT)v E
cE
where v_ is the electrophoretic velocity under an applied 
field strength E in a dispersion medium of dielectric constant 
e and viscosityfy.
The derivation of Helmholtz was improved and extended
45
by Smoluchowski without, however, altering the final result.
46
Debye and Hu’ckel using the same assumptions as Smoluchowski 
confirmed his derivation except for the factor 4tc, they found
t = 671 ^
eE.
47
Henry reconciled the two contradictory points of view in his
-46-
rigorous analysis of the whole problem. The Henry equation 
was of the form
v"_ = ■ ■ .f(Ka) •E 47tT}
where f(Ka) is a function of the product of particle radius a
and the Debye-Htfckel function K. For large particles (Ka)300)
f(Ka) ~  1 and Smoluchowski1s equation is obeyed, v„ beingiL
independent of particle size and shape. For very small, 
spherical particles (Ka** 1), f(Ka) ancj the Debye-Htfckel
equation becomes valid.
In this work particle size and concentrations were 
such that Smoluchowski1s equation was most closely approached. 
This equation was adopted for the calculation of all electro- 
kinetic data presented here. For water at 25°C the equation 
reduced to
^ = 12.88 v£.
The assumptions made in the theories of electrokinetic 
motion lead to an oversimplified picture. In certain 
instances corrections to the equations must be made ;
Relaxation Effect
An essential supposition, in the derivation of the 
electrokinetic equation, is that the electric field due to
-47-
the double layer and the externally applied field are simply 
superimposable, Because the particle and the outer part of 
the double layer have opposite charges they move in opposite 
directions, the original symmetry of the double layer is 
therefore disturbed. Electric conduction and diffusion 
tend to restore the double layer symmetry but this takes a 
finite time, known as the relaxation time. The outer part 
of the double layer therefore lags behind the particle, this 
gives rise to an additional electric field in opposition to 
the applied field with a subsequent retardation of the
48
electrophoretic motion. Overbeek has derived a correction 
to the Smoluchowski equation:
c %  E K  . const. X £ I
e = (1 — Kir )
this shows that relaxation effects can be neglected for the 
values of Ka ^ 10^ and (50 mv, encountered in the lower 
concentration ranges of this work in uni-univalent electrolytesc
Surface Conductance
The ion concentrations in a double layer are greater 
than those in the bulk liquid, this causes the phenomenon 
known as surface conductance. This effect tends to decrease
49
the mobility of a spherical particle by a factor ;
-48-
in which \ is the specific surface conductance and \ ^
S
the bulk conductance of the liquid. Such corrections 
might be warranted for the lowest concentration ranges 
encountered, but they were generally considered to be 
negligible and in any case would not affect the arguments 
to be put forward later.
2.6, Contact Angle and Flotation Measurements
2,6a, Contact Angles
2,6a(i) Sessile Drop Method
The apparatus used is illustrated on Fig, (VII).
A flat piece of polished gold was placed in a closed, glass 
container with plane sides; solution at the bottom of the
container kept the atmosphere saturated with water vapour and
hence reduced evaporation from the drops. The drops were 
placed on the gold surface with an f AglaT micrometer jyringe and were 
illuminated by diffuse light. An adjustable platform allowed 
the drops to be moved into the field of view of a loW-powered 
microscope. A movable cross-wire in the microscope eyepiece 
was aligned with the edge of a drop; contact angles could
49-
then be directly read from a protractor attached to the eyepiece. 
2.6b.(ii) Tilting Plate Method
Fig. (VTll)shows the apparatus used, which was a
simplified form of the equipment developed by Fowkes and
50
Harkins . The solution under investigation was placed in 
a glass cell resting on an adjustable platform. A piece of 
sheet gold (2 cm. x 2 cm x 1 mm.) was clamped in such a way 
that its axis of rotation lay in the surface of the solution, 
this ensured that when the piece of gold was rotated it did 
not move through the surface of the solution. Rotation of 
the sample was effected through a reducing gear so that fine 
control could be obtained. The line of contact between gold 
and solution was observed through the telescope of a low 
powered travelling microscope, adjustable in three directions 
to facilitate alignment, Contact angles were measured by 
rotating the sample in the solution surface until that surface 
formed a horizontal line right up to the edge of the gold sheet. 
The angle between the gold and solution surfaces was measured 
in the same way as in 2,6a(i).
The tilting plate method gave the most reliable results; 
neither method was really satisfactory because of the 
difficulties encountered in the preparation of reproducible 
gold surfaces.
5 0 -
syringe
drop
gold surface
solution travelling
microscope
adjustable
platform
FIGURE YU Apparatus for Measuring Contact Angles of Sessile Drops 
movable arm
gold sheet
\  solution 
n  meniscus eye-piece with 
rotating 
cross-hairreducing gear
FlGURFym  Experimental Arrangement for Measuring Contact Angles
by the Tilting Plate Method
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2*6b. Flotation Measurements
A number of tubes identical to that shown in Fig.(IX) 
were made. Each tube consisted of a tapered flotation 
chamber (capacity 25 mis.), glass-stoppered at the top and with 
a detachable sediment collecting tube (capacity 2 mis.) fitted 
to the bottom. At the start of a determination, gold powder 
(1 g.) was weighed into each of a number of collecting tubes, 
which were then attached to their corresponding flotation 
chambers. Surfactant solutions, covering a range of 
concentrations, were added to the tubes in sufficient quantity 
so as to ensure that the volume of air above the liquid was 
the same in each case. The cells were sealed and equilibrated 
on a rotary shaker for 3 hrs. After equilibration the 
unfloated gold was allowed to collect in the small tubes at 
the bottom of the flotation chamber. These tubes were then 
removed and the residue dried and weighed. Hence the amount 
of floated material was found by difference. All measurements 
were made on the same sample of gold powder.
Where necessary, corrections were made for concentra­
tion loss by adsorption. The equation for the calculation 
of adsorption was used
(C -C.J NV a - o E
1000 WA
- 52 -
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FIGURE IX  Flotation Cell
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the notations are the same as those given in section 2.4a, jj
i !
Initially a value for a was obtained from the corresponding j
isotherm at concentration C , a value for C~ was then determined
° E
A new value for a at this lower concentration was found and j j
the process of successive approximations repeated until a jj
constant value for was obtained.
2,7, Surface Tension Measurements
These determinations were undertaken for two reasons; j
(i) the estimation of critical micelle concentration and (ii) j j  
to check the purity of the compounds under investigation. A j 
drop-volume method originally devised by Gaddum and later
51
modified by Adam was adopted. The apparatus, shown in 
Fig. ( X ) , was clamped vertically; final alignment was carried j j  
out by means of adjustable feet on the retort stand. j
Drop-volumes were determined with an ’Agla’ micrometer syringe, j 
Projection of an enlarged image of the drops onto a screen was 
found to facilitate greatly the formation of uniform drops.
A critical part of an apparatus of this type is the 
capillary from which the drops are ejected. In the present 
work this was prepared from a length of capillary with an 
accurately ground inside and outside bore. Attachment of the 
capillary to the syringe was effected via a ground-glass joint, j
- 54 -
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The capillary tip on which the drops were to be formed was j
ground flat and perpendicular to the sides, no flaws were to 
be seen on the edges when viewed under a low-powered magnifying j
ass. The outside of the capillary, near the end, was 
polished to prevent liquid creeping up from the edges of the 
tip. !
I
Before a measurement drop-size was determined from the j
screen-image of the drop* Successive drops were expelled 
rapidly to 90% of their size and then with requisite slowness 
until they became unstable. The drop-volurae was found from 
the mean of at least ten determinations.
Surface tension was calculated from the equation j
Y = E f f ( r/vl/3) dynes/cm.
y =s surface tension V = drop-volume j
p = density of liquid g = gravitational force
I
r = radius of capillary f(r/v*^) = correction factor.
Capillary radius was measured with a travelling microscope,
the mean of five measurements for each of four diameters was
r/ l/3taken. The correction function f( /v ) was found from 
52
tables ; it is necessary because the liquid forming the ,
drop does not completely leave the capillary tip and the j
surface tension seldom acts vertically. The correction
-56-
factors are rather important in this method, as drops can be 
as much as 40% smaller than predicted by the theory.
The method was capable of reasonable accuracy, for 
example the average of ten determinations of the surface 
tension of pure water gave a value of 71*3 ~ 0.2 dynes/cm. at
o 53
25 0 compared with a literature value of 71*97 dynes/cm. at 
25°C. Temperature control was effected by making the
•j* Q
measurements in a thermostatted room at 25 - 2 C,
2,8. Determination of Critical Micelle Concentrations
These were determined conductimetrieally. Change in 
conductance as a function of concentration was determined using 
the apparatus and method described in section 2.4b. Good 
linear plots of conductance against concentration, with one 
abrupt change of slope at the critical micelle concentration, 
were obtained for most compounds studied. The critical 
micelle concentration for STS was not established with 
certainty; as stated in section 2.1. this material was of 
lower purity than the other compounds.
The surface tension against concentration curves 
obtained, see section 2.1, were not suitable for the determina­
tion of critical micelle concentration. Results of the 
conductimetric determinations are listed da the next page.
-57-
COMPOUND CMC
(raM/L)
DPB 11.3
TPB 2.9
CPB 0.62
OTAB 0.125
CTAB 0.69
TTAB 3.2
DTAB 12^7
SDS 00 •
STS (approx,1.4)
SCS 0.206
Manoxol OT ind e t e rmina t e
Critical Micelle Concentrations 
Determined Condnctimetrically
SECTION 3
RESULTS
-59-
3.1. Surface Area
The gold sample used in this work contained particles 
in the size-range 1-40tj,; area changes due to preferential 
loss,during the course of the work, of a particular size- 
fraction were therefore to be expected. Surface area was j
determined at the beginning and end of the work by one of the
gas adsorption methods described in section 2*1; values of
2 2 3000 cm /g. and 3^00 cm /g. were obtained. Fig.(3 ) shows
the B.E.T, plots from which these areas were calculated.
It is generally considered that surface areas from gas
adsorption measurements are most reliable when the constant c
in the B.E.T, equation has a high value 050). This constant
is dependent on the shape of the adsorption isotherm, the j
high values being given by those isotherms having the pronounced!
’’knee” generally associated with monolayer formation. The j
2 .low value of c (5.45) for the area 3000 cm /g, determined by 
the radio krypton method, indicated that this result was less 
reliable than the later value, where c was found to be 56.9* ]
During the course of this work extent of adsorption was | 
’’standardised” by determining the adsorption of CFB At 
optimum concentrations; this allowed all adsorption measure- j
ments to be corrected to the same surface area. The increase ;
:!
't
i j
i j
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in surface area indicated by the gas adsorption work was 
confirmed by a comparable increase in adsorption of the surface- 
active agents. As indicated by the increase in specific 
surface area, some of the larger particles of gold were lost 
during the course of the work.
3*2. Adsorption
The adsorption, by gold, of a number of surface-active 
agents has been studied at concentrations up to the critical 
micelle concentration (cmc)*
3.2a. Alkyl Pyridinium Bromides
Adsorption isotherms determined for the cationic 
compounds; cetyl, tetradecyl and dodecyl pyridinium 
bromide, CPB, TPB and DPB are shown on Fig.( k ) . Each 
isotherm was of a distinctive two-step type reaching a 
maximum adsorption close to the critical micelle concentration. 
Within the homologous series degree of adsorption as a function 
of concentration increased with the length of the hydrocarbon 
chain. At concentrations corresponding to the beginning of 
the adsorption isotherm flotation of gold in the froth occurred, 
this decreased and finally disappeared at the beginning of the 
second step.
oLO
V3GO
QiiD/sajnoajOUj) ^djospy jo ;uap<3
3.2b a Alkyl Trimethylammonium Bromides
Fig.(5 ) shows the adsorption isotherms found for the ;
cationic compounds; octyl, cetyl, tetradecyl and dodecyl 
trimethylamraonium bromide, OTAB, CTAB, TTAB and DTAB.
Isotherms were again of the two-step type with degree of adsorp 
tion as a function of concentration increasing with chain 
length. As for the other cationic compounds flotation of gold 
occurred at the beginning of the isotherm*
3.2c. Alkyl Sodium Sulphates
In this series of compounds adsorption isotherms could
be determined only for cetyl and dodecyl sodium sulphate * SOS. j
and SDS* The results are shown on Fig.( 6 ). The isotherms
for these anionic compounds were similar to those described
above, but in this case the two-steps in adsorption were
observed to be almost equal; this is not so for either of
the cationic series. Some measurements of adsorption of SDS
— 3
were made at a constant ionic strength of 8 x 10 M .
Adjustment of ionic strength was made by the addition of 
sodium sulphate, the quantities necessary were determined using 
the equation
2
4
x
ip
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where I is ionic strength and the concentration of ions 
with valency Z^. The results obtained are included on Fig.( 6 
adsorption of S.D.S. was slightly increased in the presence 
of the salt.
When extent of adsorption was plotted as a function 
of reduced concentration ( /cmc) a single curve was obtained 
for the members of each series of compounds,, as shown on 
Fig.( 7). These curves clearly illustrate the effect of 
head-group type on adsorption. The extent of adsorption was
greatest for the alkyl pyridinium bromides over the whole 
concentration range studied; alkyl trimethylammonium bromides 
were adsorbed to a slightly lesser extent and the alkyl sodium 
sulphates least of all.
3.2d. Manoxol OT
Unlike the other compounds investigated Manoxol OT 
was not a simple straight chain surface-active agent. The 
adsorption isotherm for this material was therefore, not 
unexpectedly, different from those described previously.
A one-step isotherm was obtained as shown in Fig,( 8 ); no 
flotation of gold was observed in any region of this isotherm.
'N
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3.3 Electrokinetic s
3.3a * Electrophoresis
Electrophoretic mobilities have been determined for 
gold particles suspended in solutions of concentrations up to
calculated from the electrophoretic data by means of Smoluchows&i’s 
equation,
1
3.3a(i). Alkyl Pyridinium Bromides
The cationic series of alkyl pyridinium 
bromides, CPB,TPB,DPB and De,PB, gave S-shaped curves when
?was plotted as a function of logarithm of concentration,
Fig. (9 )• At low concentrations the electrokinetic potentials 
were close to the value of -50 - 3mv> consistently obtained in 
redistilled, deionised water, and varied only slowly with change 
in concentration. At higher concei] trations ^ changed more 
rapidly, charge reversal occurred with^ becoming increasingly 
positive until it levelled off again as the critical micelle 
concentration was approached. For compounds with chain lengths 
less than it was observed that^attained less positive
values as chain length decreased. Figi 9) also shows some
electrophoretic data obtained for CPB solutions made up to
-2a constant ionic strength of 10, by the addition of sodium
critical micelle values were
- 7 0 -
ZD -5
I NO
LO CO
bromide. At low CPB concentrations the presence of the added
|
salt decreased the electrophoretic mobility, however, as the j
li
concentration of CPB increased to significant values, the j
electrokinetic potentials became the same as those determined 
in the adsence of sodium bromide, When^was plotted against 
logarithm of reduced concentration, Fig.(lO), it was possible 
to draw a single curve through the Rvalues for CPB and j
TPB r thus^was found to be a congruent function of reduced j
concentration for these two compounds,
3»3a(ii) Alkyl Trimethylammonium Bromides
In Figs. (11) and (12) are shown the results obtained j!
for the alkyl trimethylammonium bromide series of compounds 
(OTAB, CTAB, TTAB and DTAB). The curves were very similar j
to those for the other cationic series, with electrokinetic j
potential a congruent function of reduced concentration for 
the compounds OTAB and CTAB., Both series therefore j
I
exhibited congruency between two members, but the change in 
head group from pyridinium to trimethylammonium was sufficient 
to alter the chain length at which this congruency occurred.
3,3a(iii) Alkyl Sodium Sulphates
The ^against logarithm of concentration curves obtained 
for the anionic compounds SBS ., STS and SCS are shown
- 72 -
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in Fig,(13)* Each compound showed little change of §, from 
the value in water, at the lower end of the concentration scale* 
How ever, as the concentration increased C, changed steeply until 
it reached a maximum negative value, becoming less negative as 
the critical micelle concentration was approached.
For SDS the maximum was in excess of -100 mv, the negative 
maxima exhibited by SCS and STS were of smaller and 
intermediate magnitude. Fig.(13) also shows electrophoretic 
data obtained for SDS and SCS solutions at a constant 
ionic strength of 8x10 In the presence of sodium sulphate
less negative values of ^  were found at low SDS concentrations? 
these were followed by a more rapid rise in ^ to a maximum 
negative value slightly less than that found in the absence 
of the salt. When sodium sulphate was added to SCS 
solutions a large effect on § was observed. As usual in the 
presence of a salt ^ became less negative at low surfactant 
concentrations, but the maximum ^ value became more negative 
than before and appeared at a higher concentration of SCS* r 
In fact, sodium sulphate was a poor choice of salt, as the 
large excess of doubly charged sulphate ions could effectively 
compete with the surfactant for the available adsorption sites. 
When sodium bromide was used to adjust the ionic strength it 
had little effect on the maximum value of ^  ,
- 76 -
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An attempt was made to investigate further the effect 
of chain length on the magnitude of the maximum negative 
potential observed for the anionic compounds« A sample of 
sodium octyl sulphate (SOS) was obtained from K and K 
Laboratories. This material was found to contain considerable 
quantities of sodium sulphate which could not be eliminated.
Some measurements of ^ potential were made using the crude 
material, but unfortunately the concentrations necessary were 
so high ( ^ 10 ) that polarisation of the electrodes in the
electrophoretic cell occurred. No further progress in this 
field was made. Fig,(l4) shows a plot of ^  potential against 
logarithm of reduced concentration for the anionic 
compounds. SCS, STS and SDS. A type of congruency was exhibited 
by these materials in that the negative maxima for each 
compound occurred at the same reduced concentration. The 
lower purity and uncertainty in the critical micelle concentra­
tion data for the STS compound must be noted in consideration 
of the position of the curve for this material,
3.3a(iv). Manoxol OT
The electrophoretic data determined with Manoxol OT 
solutions are shown on Fig.(15). Electrokinetic potential 
became increasingly negative until the critical micelle
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concentration was reached, thereafter ^  potential slowly declined 
to less negative values,
3 • 3b, Electrokinetic Charge
Values of electrokinetic charge, cr, for all the compounds 
studied here have been calculated using the general equation :
= ( f t 1  )  2j j n i C exp- ( ^ r -3 - 1 3 ] 2
which gives the net charge on either side of the plane of shear, 
Electrokinetic charges as a function of reduced concentration 
are shown plotted on Figs.(l6), (l? ) » (l8 ) and (l9 ) • Fox* the
two cationic series and Manoxol OT charge increased throughout 
the concentration range studied. In the anionic series the 
negative charges increased with concentration to maxima at 
reduced concentrations of 0,4-0,6, thereafter becoming less 
negative. The magnitudes of the maxima decreased markedly 
with increasing chain length and at concentrations near the 
critical micelle values, the relative magnitudes of the charges 
for the members of the series were determined only by relative 
ionic strengths, as the ^ potentials were similar.
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3. ^ a. Contact Angles
Although no reproducible contact angle values were 
obtained the results did give some qualitative indication 
of the flotation process. Fig.(20) shows plots of advancing 
contact angle against reduced concentration for SOS and 
CPB. At low reduced concentrations ("Co.l) high values
of contact angle (80-90°) were found; these remained fairly 
constant until a sudden decrease in contact angle occurred 
at reduced concentrations corresponding to the first "knee" 
on the adsorption isotherms. These results were consistent 
with the flotation behaviour described in the next section 
but were less useful in the interpretation of the adsorption 
process.
3.4b. Flotation
The flotation of gold powder by solutions 
of CPB, TPE, DPB, CTAB, TTAB, DTAB, SCS, and SDS,
has been studied at concentrations corresponding to the initial 
stages of the adsorption isotherms. Extent of flotation has 
been expressed as a percentage of the total weight of solid 
present. The results, plotted as a function of logarithm 
of reduced concentration, are shown on Figs.(21), (22) and (23).
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FIGURE 21 
see tables 25-27
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see tables 28 -30
-89-
FIGURE 2 3  
see tables 31-32
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The two series of cationic compounds, alkyl pyridinium 
bromides and alkyl trimethylammonium bromides, gave similar 
results. For each of these cationic compounds flotation 
passed through a maximum value at approximately the same 
reduced concentration. The magnitude of the flotation peaks 
decreased with decrease in hydrocarbon chain length for both 
of these series of compounds.
In the case of the two anionic compounds a different 
picture emerged. It was observed that maximum flotation 
occurred at reduced concentrations lower than those found for 
the cationic materials, this is illustrated on Fig.(2%). It 
was also noted that an increase in the hydrocarbon chain length 
of these compounds caused displacement of the flotation peak 
to a higher reduced concentration. The maximum flotation 
for SCS was unexpectedly lower than that for SDS., the 
reasons for this will be discussed later.
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4.10 Adsorption
4, la, Straight-Chain Compounds
Extent of adsorption as a function of concentration 
was found to increase regularly with chain-length for each 
homologous series of straight chain surface-active agents,
(alkyl sodium sulphates, alkyl pyridinium bromides and 
alkyl trimethylammonium bromides). This may be considered 
an expression of Traube’s rule, which states:
’’The concentration of surface-active agent required 
to lower surface-tension by the same amount is about one-third 
the previous value each time the chain-length is increased by 
one -CHg- group,”
This empirical rule was originally applied to adsorption 
in terms of surface-tension lowering at gas-solution boundaries; 
for a solid-solution interface ’’tension changes” are difficult 
to define and the rule relates directly to extent of adsorption. 
For each compound studied adsorption increased with 
concentration to a final maximum at the critical micelle 
concentration. When extent of adsorption was plotted as a 
function of reduced concentration, that is concentration 
expressed as a fraction of the critical micelle concentration, 
or c/cmc, the individual isotherms of a homologous series
-94-
were congruent. (see section 3.2), Such a result is a
further expression of Traube*s rule and has been found by
54Taraamushi and Tamaki for the adsorption of dodecyl-,
tetradecyl- and hexadecyl ammonium chlorides by alumina.
Behaviour of this type is usually shown by adsorbents not
8
possessing very small pores* which might admit molecules of 
lower members of a homologous series but not the largef 
molecules of higher members.
In this work results have been extensively expressed 
in terms of reduced concentration; this is a convenient 
parameter as it allows direct comparisons to be drawn between 
the behaviour of solutions of different compounds at concentra­
tions corresponding to the same fraction of the critical 
micelle concentration. Amounts of adsorption which are 
congruent functions of reduced concentration allow certain 
conclusions to be drawn concerning the orientation of molecules 
in the adsorbed layers. At a given reduced concentration the 
extent of adsorption is the same for each member of a series 
of compounds and therefore the area assigned to each molecule 
on the surface must also be the same. As extent of adsorption 
approaches values corresponding to complete monolayer formation, 
molecules must adopt a vertical or near-vertical orientation 
on the gold surface; if this were not so the different
95-
chain-lengths of* members of the homologous series would give
dissimilar molecular areas and degrees of adsorption. At low
surface coverages, where the area available to each adsorbed
molecule is large, it is energetically more likely, see
section 1.2, that the molecules will adopt a flatter orientation,
only becoming vertically orientated as the monolayer becomes
increasingly close-packed. The lower adsorption observed for
SCS at concentrations corresponding to the first-step of the
adsorption isotherm, see Fig, ( 7 )» could be due to molecules
of this compound being less ready to adopt the vertical
orientation of the shorter chain SDS molecules at the same
reduced concentrations *
In view of the characteristic wetting properties and
isotherms, found in this work for the straight chain compounds
adsorbed on gold, a simple two-layer structure for the adsorbed
l4—16molecules is attractive. In such a model a first layer
of surfactant ions is adsorbed with the hydrophilic head-groups 
directed towards the surface, thus presenting the hydrophobic 
chains to the solution and causing the flotation observed at 
low concentrations• Adsorption of a second layer then occurs 
with the reverse orientation, hydrophilic head-groups are 
now pointing towards the solution, leading to the complete
-96-
wet ting round at higher concentrations * Such a scheme is
obviously oversimplified and will be amended later in this
discussion in the light of other results.
An attempt has been made to analyse the adsorption
5kisotherms in terms of the 3.E.T. equations, in particular 
the form representing the build-up of a finite number of 
layers:
a 1ICx 1 - (n+1) xn+nxn+ *
( 1—x) l+(K-l)x-Kxn+1
where x = reduced concentration; n = number of adsorbed 
layers; a^ = amount adsorbed in a completed monolayer and 
K a constant.
The experimental data were used, according to the
tz ej
method of Joyner, Weinberger and Montgomery, to calculate 
results for a number of n values; Fig*( 25 ) shows a graphical 
representation of the results obtained. Although the equation 
was not very sensitive to changes in n it did fit the experi­
mental results reasonably well for n values of 2 or 3 at 
reduced concentrations less than approximately 0,5. The 
B.E,T, equation has its theoretical base in adsorption from 
the gas phase, its application to adsorption from solution 
must therefore be dubious, especially since the free energy
9 7 -
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of adsorption in such systems is electrochemical, partly made 
up from a term including the electric potential in the 
adsorbed layer.
k .lb. Branched Chain Compounds
Of this type of compound only Manoxol OT [di(2-ethyl-1- 
hexanol)sodiumsulphosuccinic acid] has been investigated, The
shape of the isotherm obtained, see section 3»2, indicated 
Langmuir type adsorption characterised by an equation of the 
form
1/  = V  + B / A'a 'ACE 'A.
where a is the adsorption in grm, Manoxol OT/gm.gold, CE the
equilibrium concentration and A,B constants such that A = xmB ,
where xffl is the weight of Manoxol GT/gm, gold necessary to
give a completed monolayer.
A plot of */a against VcE, Fig,(26)* was reasonably
close to a straight line over the whole range of concentration
studied. The best slope and intercept were determined using
the method of least squares, see Appendix ( I ). A value for
x was calculated and from it was determined the area occupied m
by each adsorbed molecule. The area/molecule at the surface
q 2 56was found to be 127 A, this is a reasonable figure for a
monolayer with the bulky Manoxol OT molecules in a flat
-99-
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orientation. AJ-though the experimental data fitted the
Langmuir isotherm quite well, too much significance should not
be attached to this. This isotherm is generally only applied
to the adsorption of unionised molecules and applicability of
a Langmuir equation is not, of itself, an indication that
57monolayer coverage is achieved by any given system.
A single layer of Manoxol 0T molecules in parallel 
orientation is supported by the complete wetting of gold 
surfaces found for all concentrations of this surface-active 
agent. Complete wetting requires comparatively few hydrophilic 
groups to be in contact with the aqueous phase and for a flat 
orientation both the hydrophilic and hydrophobic parts of the 
molecules would be presented to the solution, In such a 
situation the head-groups would impose overall wetting 
properties on the molecules. The alternative suggestion of 
vertically orientated molecules with head-groups towards the 
solution is energetically most unlikely for a molecule such 
as Manoxol 0T,
4,2, Electrokinetics
As explained in the introduction (section 1,1.) the 
precise determination of ion distributions and electric 
potentials in the electrical double layers of these systems
/-101-
raises certain difficulties * Although the diffuse layer 
theory of Gouy and Chapman is accepted as being valid for the 
outermost zone of the electrical double layer, the distribution 
of ions nearer the solid surface is uncertain. In particular 
the position of the shear plane in electrokinetic motipn cannot 
be located exactly, which leaves the significance of the 
^-potential in doubt. However, in spite of these difficulties, 
results of electrophoretic measurements in the systems studied 
here suggest some conclusions regarding the structure of the 
adsorbed layers of surfactant ions.
Gold is a chemically inert substance with thermally
unstable oxides; in the present work this material was
considered to be uncontaminated by ionisable surface compounds,
58that is the surface is of a non-ionogenic nature. For such
a surface the forces involved in adsorption will be predominantly 
physical in character; this is exemplified in the present 
case by the ease of complete removal of adsorbed material, 
see section 2,1. In the adsorption of surface-active ions, 
a major factor governing the degree of adsorption will be the 
energy with which the hydro-carbon chains are expelled from 
the aqueous phase. The orientation of surfactant ions, once 
they are adsorbed at the surface, will be dependent on the 
nature of the ionic head groups. If the gold surface has an
-102-
affinity for a particular ion type, then it is more likely 
that head groups of this kind will be held in head-to-surface 
orientation.
Comparison of the degree of adsorption, a, and the
electrokinetic charge, cr, shows the latter to be only a
small fraction of the total charge carried by the adsorbed
surfactant ions* Extensive adsorption of the oppositely
charged counterions must therefore occur on the surface side of
the plane of shear. In fact the net charge and therefore the
56 5electrokinetic potential is determined, as in other systems, 1
by a small excess of ions of one sign relative to the total
number adsorbed. Whether this is due to adsorption of
counterions into the primary adsorbed layer of surfactant ions
or to immobilisation of the liquid over a greater distance from
59the surface by an electroviscous effect, or by both, is not 
established.
The attraction of counterions and double layer structure 
will be strongly influenced by the mode of orientation of the 
adsorbed surfactant ions in the primary layer. Retention 
of counterions, in a region on the surface side of the plane 
of shear, would be stronger with a primary adsorbed layer
-103-
orientated with the polar heads toward the solution, than 
where polar heads were attached to the surface and the 
hydrocarbon chains angled outward^ 1^
4.2a. Anionic Compounds
In their work on the electrophoresis of gold particles
20in aqueous electrolyte solutions, Harrison and Elton found 
negative ^ -potentials at the metal-solution interface, 
indicating a preponderance of anions on the surface side of the 
shear plane. Increasing negative charge with increase in 
ionic concentration showed that preferential adsorption of 
anions occurred. These results were supported by the 
negative potentials found, in the present work, for gold 
particles in water. Specific attraction of the gold surface 
for the head-groups of anionic surfactants must therefore be 
considered. As stated earlier such head-group/surface 
interaction will affect the orientation of the adsorbed molecules 
and the greater the attraction between head-groups and the 
surface, the greater will be the tendency for the head-groups 
to remain attached to the surface as the surface-active ions 
adopt a vertical orientation when the packing in the adsorbed 
layer increases.
For a given extent of adsorption, that is, at a
-104-
particular reduced concentration, the actual concentration of* 
surface-active ions in the bulk solution is greater the shorter 
the chain-length, Specific adsorption becomes less with
decrease in concentration; the attraction of the surface 
for the anionic head-groups will therefore be greater for the 
shorter chain-length compounds. Consequently a greater 
proportion of absorbed surface-active ions will be held in 
head-to-surface orientation the shorter the hydro-carbon chains. 
As suggested above, the ability of adsorbed surfactant ions 
to retain counterions will largely depend on the proportion 
of the ions in head-to-solution orientation; this will be 
least for the shorter-chain compounds, which will therefore 
achieve higher values of electrokinetic charge and potential. 
Consideration of Fig, ( l4 ) shows this to be the case for the 
anionic series, where the maximum potential is achieved by 
sodium dodecyl sulphate.
The maximum ^ -potential found for anionic surface-active 
agents occurs at concentrations corresponding to monolayer 
formation. If, as suggested in section 4,1, a second layer 
is adsorbed with all ionic head-groups directed towards the 
solution, then attraction of counterions will be markedly 
increased, causing the observed decrease in electrokinetic 
potential and charge. Fig. (27 ) shows electrokinetic charge
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plotted as a function of extent of adsorption for SCS and 
SDS•; the extent of adsorption is expressed as the ratio 
a/acrac., where a is the amount adsorbed at the critical cmc
micelle concentration. The discontinuities shown by each
curve are maximum charge values and occur at a/a = 0.52-0.58,cmc 7
13 2corresponding to an adsorption of 6.7 x 10 J molecules/cm. at
a reduced concentration of 0*55* These breaks correspond
with the inflections in the adsorption isotherms and again
support the adsorption of two layers of surface-active ions.
The extent of adsorption at the breaks in the curves
on Fig. ( 27 ) allows an area of 150&2 per anion. This is
a high value, but not an unreasonable one considering the
ionic nature of the adsorbed stirface-active agent. Where
the adsorbed species is charged the repulsion between
individual ions imposes a more expanded structure on the
adsorbed layer, in such a situation the areas/molecule will
inevitably be greater than those found for a close-packed
monolayer of non-ionic molecules.
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4,2b. Cationic Compounds
Congruency of the ^ -log C/cine curves has been 
observed for some compounds of both cationic series of surface- 
active agents investigated, for the remaining compounds in 
each series the maximum electrokinetic potential attained 
decreased as the hydrocarbon-chain-1ength became shorter.
An attempts has been made to explain these results in terms of 
hemimicelle formation at the solid surface first proposed by 
Fuerstenau and his co-workers (section 1.2).
Unlike the case for anionic compounds, there will be 
negligible specific attraction of the gold surface for the 
head-groups of the surface cations. The build-up and 
orientation characteristics of the adsorbed layers will then 
depend mainly on the tendency of the hydrocarbon chains of 
these molecules to be expelled from the aqueous phase. As 
the adsorbed layer builds-up the concentration of surface- 
active ions at the surface exceeds a critical value, above 
which association of the hydrocarbon parts of the ions readily 
occurs by interaction between the chains; this process being 
analogous with the formation of micelles in bulk solution 
above a certain concentration.
-108-
The tendency to form surface-micelles will, as in 
bulk solution, depend on two factors:
(1) the hydrocarbon chain length,
(2) the head-group type.
Chain interaction decreases with decrease in chain-length, 
whereas the repulsion between head-groups remains a constant 
factor, which must therefore become increasingly important 
as the chain-length decreases. Within a homologous series 
there will be a chain-length below which the degree of, 
micelle formation, at any particular reduced concentration, 
will depend on the balance between chain interaction and 
head-group interaction. It seems likely that, for certain 
shorter chain members of a series, the degree of micelle 
formation, which takes place at a given extent of adsorption, 
varies sufficiently to cause changes in counterion distribution, 
reflected in non-congruency of electrokinetic potentials 
observed for such compounds.
The electrokinetic behaviour of DoFB is very
20similar to that shown by non-surface-active electrolytes, in 
that the ^  -potential is merely reduced to zero and not 
reversed by increasing ionic strength as it is for the other 
cationic surface-active materials. Micelle formation cannot
occur in solutions of simple, indifferent electrolytes; the 
similarity between the behaviour of such electrolytes and 
the shorter chain surface-active agents supports the view 
that surface-micelle formation occurs less readily for these 
compounds. For the longer chain compounds chain interaction 
predominates, consequently the degree of surface-micelle 
formation and hence counterion distribution will be the same 
in each case; this is reflected in congruent Cj -log cmc 
curves,
The present results indicate that the extent to which 
congruency occurs between ^ -log c/cmc curves depends on the 
particular cation head-group considered. In this respect 
i.t has been found that the chain-length necessary to completely 
overcome the head-group effect is greater for the trimethyl-* 
ammonium bromide compounds than it is for the pyridinium 
bromide series compared with • 'The implication
of this observation is that the repulsion between trimethyl- 
ammonium head-groups is greater than that between pyridinium 
head-groups. Consideration of the higher critical micelle 
concentrations and lower extent of adsorption for the alkyl 
trimethylammonium bromide series shows that greater head-group 
repulsion is also reflected in these measurements.
-110-
At concentrations of surfactants corresponding t° 
fairly extensive monolayer coverage, electrokinetic potentials, 
determined at constant ionic strength were very similar to 
those determined in the absence of added electrolyte, see 
Figs* ( 9 ) and ( 13 ), Thi s means that once surf ace-micelle
formation has begun, the ^  -potential is governed by the 
characteristic distribution of counterions around the micelles 
on the surface side of the shear-plane and is independent of 
the bulk concentration of counterions. It is also likely 
that, when the monolayer of adsorbed surfactant ions is 
almost complete, electrokinetic shear will occur along the 
edge of the adsorbed layer, immediately adjacent to the 
solution. The thickness of the fixed Stern layer (section 1,1) 
was originally envisaged to be a single ionic diameter*
6 2 6 3  *■Elton ’ has shown that for the quartz/dilute aqueous 
solution interface the layer was of the order of 25&r due to 
immobilisation of the adjacent solution by the surface charge.
In the present case a layer of surfactant ions with the 
proposed vertical orientation would also be 20-30&. Therefore 
where the head groups are predominantly oriented towards the 
surface it is likely that their charge will only immobilise 
that solution incorporated within the hydrocarbon chains.
“H i ­
lt is therefore quite possible that the diffuse part of the
electrical double-layer will begin at or near the ends of
the chains. The plane of shear will therefore correspond to
the beginning of the diffuse layer =^d); electrokinetic
potential will then be unaffected by the compression of the
double layer due to increasing ionic strength.
Figs. ( 28 ) and ( 29 ) show the plots of surface charge
against a/a for the two cationic series. In both series 0 cmc
a distinct break is shown in the curve for each member at
a/a ss 0,62. For the alkyl pyridinium bromide series the cmc
1 2breaks correspond to an adsorption of 1,62 x 10 molecules/cm.
at a reduced concentration of 0 ,58. This allows an area of 
62ft2 per cation. The breaks in the curves for the alkyl 
trimethylammonimn bromide series correspond to an adsorption
r l^ fc 2of l,*£o x 10 molecules/cm. at a reduced concentration of 0.53? 
which allows an area of 68ft2 per cation. As for the anionic 
series the breaks correspond with the inflections of the 
adsorption isotherms and again support two-stage adsorption.
In both the cationic series the breaks are much less marked 
than those observed for the anionic series, particularly SDS,; 
this is due to the higher proportion of cations adsorbed in 
head-to-solution orientation in the first layer because of
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negligible specific attraction of positive head-groups, 
Consequently when a second layer of cations is adsorbed in 
reverse orientation the effect on counterion attraction is 
less marked than for the anionic surface-active agents.
Formation of a completed monolayer may therefore have
j
less definite significance for the cationic than for the j
anionic compounds. In this connection it is interesting j
to note that the adsorption isotherm for the anionic compounds, 
Fig,( 7 ), has two virtually equal stages, whereas the 
isotherms for the cationic compounds consist of a large first- | 
step followed by a smaller second step and with a less pronounced 
inflection between them, j
4,3* Contact Angle and Flotation
4,3a, Contact Angle
64Some careful work by Bartell indicates that clean
gold surfaces are almost completely wetted by water ( © = 0),
The high values for the contact angles(©) between gold and
water, found in the present work, have been associated with
surface contamination due to the adsorption of air and
64atmospheric impurities. Similar values have been obtained
^  / j .  ^  C
by other workers ’ after exposing clean metal surfaces to 
the air. The hysteresis effects observed here and elsewhere
-115-
(© advancing ^  © receding) nave been connected^ with, change 
in the metal surface caused by adsorption and desorption of 
air before and after contact with the liquid.
As explained earlier, section 3# 4a, the contact angle 
results obtained were not suitable for detailed interpretation. 
However, the related flotation data discussed in the next 
section were found to be more useful,
4.3b. Flotation
It is well known that the contact angle attains higher 
values the longer the adsorbed alkyl chains. This is 
reflected in the de£>endence of flotation efficiency on chain 
length found in the present work, where the decrease in 
maximum flotation with decreasing chain length can be attributed 
to the less hydrophobic character conferred on the surface by 
the shorter chains.
Any marked differences, from member to member of a 
series, in the number of head-groups oriented towards the 
solution would be expected to cause differences in the reduced 
concentrations at which maximum flotation occurs. Figs. (21 ) 
and (22 ) show that maximum flotation efficiency for the 
cationic compounds occurs at almost identical reduced 
concentration.
- n6-
¥hen surfactant anions are adsorbed into a primary 
layer the attraction of the gold surface for the negative 
head-groups leads to a higher proportion of the ions being 
held in head-to-surface orientation, compared with the cationic 
compounds. Anionic materials should therefore give a more 
rapid rise in contact angle at the gold surface. Consideration 
of Fig. (24) clearly shows this to be the case, with maximum 
flotation for the anionic compounds occurring at much lower 
reduced concentrations. The reduced concentration at which 
the maximum flotation peak for SCS. occurs is higher than that 
for SDS., indicating that specific attraction of the negative head
groups decreases with increasing chain-length-* This supports the
proposed explanation for the electrokinetic results of these 
compounds, which was that specific adsorption of anions occurs 
and that, at a given reduced concentration, a greater 
proportion of adsorbed surfactant anions are held in head-to- 
surf ace orientation the shorter the chain-length.
It has been mentioned earlier, section 3*4b, that the 
maximum flotation of SCS. was unexpectedly less than that for 
SDS.. As exxolained in section 4.1a, it appears that SCS. 
molecules tend to retain their horizontal orientation at 
reduced concentrations higher than those for SDS.. The
situation is therefore similar to that for Manoxol OT, section 
4,1b, where no flotation occurs at all.
The maximum flotation occurs in every case at very low 
reduced concentrations. Reference to the adsorption isotherms 
shows that maximum flotation does not correspond to the 
proposed monolayer at the points of inflection in the 
isotherms. It is clear therefore that adsorption of a second 
layer by interchain cohesion and with all polar heads directed 
towards the solution, begins before a monolayer is complete.
Summary and Conclusions
The following conclusions have been drawn from this 
work on the adsorption of various surface-active agents by 
gold powder*
(1) During the early stages of adsorption surfactant 
ions are probably adsorbed individually with a flat or angled 
orientation at the gold surface, As the packing in the 
primary layer increases adsorption measurements show that the 
ions become vertically orientated. For certain of the 
longer chain materials, especially SCS, there is a tendency 
for the ions to retain the horizontal configuration to higher 
reduced concentrations than found in the case of shorter chain
-118-
compounds,
(2) Both electrokinetic and flotation measurements 
indicate that the gold surface exhibits specific attraction 
for anionic head-groups; this is in agreement with the 
generally accepted view of the adsorption of anions at surfaces 
in preference to cations.
When an ion approaches a metal surface it causes 
polarisation in such a way that the effect is best described 
by the appearance of an electric charge of opposite sign at 
a distance below the metal surface equal to that of the 
inducing charge above the surface, Coulombic attraction then 
occurs between the ion and its image below the surfacef 
Anions being less hydrated than cations can approach the 
metal surface more closely and therefore induce a higher 
charge within the surface. Also the high polarisability 
of anions means that they can form stronger, more covalnt 
bonds ivith the image charges. In the case of cations the 
hydration shell will minimise the attraction between the 
positive charge and the metal surface. However, bonding can 
occur between the surface and the dipoles of water molecules 
in the hydration shell; these bonds will be non-specific 
and much weaker than those formed by anions.
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(3) For the cationic materials there will be no 
specific interaction with the gold surface. The build-up 
and orientation of these ions at the interface depends only 
on the expulsion of the hydrocarbon chains from the aqueous 
phase. Once adsorbed, chain and head-group interactions 
between the ions lead to congruency between electrokinetic 
potential and reduced concentration in some cases. These 
results have been explained in terms of 1 * h ernim i c e X1 e1 ’ 
formation,
{k) In the case of all the straight chain compounds 
investigated the formation of a second layer of adsorbed 
surfactant ions was indicated. Adsorption of this layer 
appeared to begin before the monolayer was complete. The 
branched chain compound, Manoxol OT, gave a monolayer only 
and maintained a horizontal configuration on the surface. 
Such compounds do not readily form micelles due to the 
difficulty of packing the bulky molecules together, as a 
result vertical orientation in "hemimicelles” does not occur,
-120-
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g 
o O • l o g .c o ncn * r/ 1/3' V
Correction
Factor
Surface Tension 
dynes.cmTA
9.83xl0“3 5.99 0.7515 0.603 55.6
2.71x 10 S /43 0.8576 0.596 37.9
5 *01x 10 *5.70 0.9046 0.600 32.0
1.02xl0~3 5.01 0,9147 0,600 29.9
2.01x 10"’3 5.30 0.9727 O .603 25.6
3,09xl0“3 3.49 0,9515 0.603 27 .'4
3.7lxlO“3 3.57 0.9508 0.603 27.5
8 ,35x 10"’3 3.92 0.9552 O .603 27.1
1.26xl0“2 2.10 0.9681 0.605 25.3
2.46x10“2 2.39 0.9826 0.607 24.7
TABLE ( 1 ) . Surface Tension Results for Manoxol OT Solutions
;  j
NCONC * 
(M)
....... w  1
LOG.CONC * r/v l/3 Correction
Factor
Surface Tension 
dynes.cmT *
-4
1.44x10 1 "4.16 0.7622 0.603 55.2
3.21x 10 S.51 0.8110 0.600 44.’5
1.35x10“^ 3.13 0.8640 0.598 37.5
2.13xlO“3 3.33 0.9149 0.600 31.0
5 .13x 10“3 3.71 0.9353 0.6o4 29.3
8 .62x 10“3 3.94 0.8952 0.600 33.1
1.12xl0“2 2.05 0.8896 O.6OO 33.7
5.49x10“2 2.74 0.8754 0.598 36,1
8 .75xl0“2 2.94 O .8776 0.598 35.8
3.66x 10“1 1.56 0.8973 0.600 32.9
TABLE (2 ), Surface Tension Results for S.D.S. Solutions.
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CONCN * of 
Na2S04(M)
Equilm " C0NCN# 
of SDS (M)
Absorption
2
(moles »/cm,)
1.98 x 10-3
1.33 x IQ-3 
-46.70 x 10
1.73 x 10“3 
3.43 x 10*3 
5.01 x 10“3
,—  . .. . . __
5.44 x 1015 
7.09 x 1015 
8 .98.x 1013
TABLE (7) Continued,, Adsorption Data for SDS
at Constant Ionic Strength.
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CE
(MOLES/L.)
1/
E
a
(gm,M.OT/gm.GOLD)
9.79xlO“5 41.02x 10 6.66x 10“3 41.50x 10
3.93x10“** 2.53x 103 8.75 " 1.14 »
3.38 1! 1.79 n 1.01x 10 9.87xl03
8.39 II 1.16 " 1.31 " 7.63 ,f
8.83 II 1.13 " 1.39 " 7.22 "
1.13x 10”5 8 .88x 102 1.52 " 6.57 ”
1.37 I!
CO• 1.75 " 5.71 "
1.62 It 6 .16 " 2.06 » 4.86 "
2.00 It 4.99 " 1.69 11 5.92 "
3.01 It 'ol • to 2.39 " 4.19 "
4.49 II 2.23 " 2.15 " 4.65 "
6.34 II 1.58 » 2.20 » 4.54 "
8 ,o8 II 1.24 " 2.38 " 4.21 "
TABLE (8 ). Data for Adsorption Isotherm and Langmuir Plot 
for Manoxol OT Solutions at 25°C.
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C0NCN#of
NaBr(M)
C0NCN * of 
CPB (M)
L0G««
CONC * ; 
CPB.
VgCji. volt”1
-1 ^sec, cm.)
^(mv.) <T
e. s.u,/cii?)
:1.00x 10“2 0 - oo -i.38io.43 -17.'7i5.'5 -1,2Axl03
1.00x 10“2 9.97xlO“7 5.00 -l.30io.39 -I6.7i5.0 -l.17x 103
9.97xlO“3 2.99x 10~3 5 A S +1.5oio.57 +I9.7i7.3 +1.38x 103
9.94x10”3 5.98x10~3 5.78 +2.64io.97 +33.9;12.5 +2,A8x 103
9.90x10“3 9.97x10“5 "5.00 +2.72io.53 +35.oi 6,8 +2.36x 103
9.70xl0”3 2.99x 10 T t M +2.88io.73 +37.li 9.4 +2.69x 103
9.40xl0”3
>
5.98x 10“^ +3.24io.79 +4l.8ilO +3 .05x 103
TABLE (10 ). Electrokinetic Potentials and Charges for
Gold Suspensions in CPB/NaBr Solutions at a 
Constant Ionic Strength of 10~^M.
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CPB.
----- -- ---  ......----------- t
SDS
c o n c n #(m ) eA (°) v°> NCONC (M) © > O j w V 0)
0.00 88 • 0
V
62.0 0.00 79*0 60.5
1.03xl0~6 88.0 67.0 9*88x 10 ^ 80.0 67*5
1.03xlQ“3 89.0 67* 5 1.32xlO~^ 78.5 66.5
! 5*12xlO“5 84.0 64.5 5.08x 10"^ 74.5 64.5
-4| 1.00x 10 77.5 62.0 1.0lxl0“3 70.5 62.5
1.96x 10“ 62.0 34.5 2.30x 10“3 66.5 60.5
2.47x10“^ 62.0 4i.O 3*10x 10“3 59.5 54.0
3.03x10"4 43.0 4i. 0 4.19x10 3 52.0 48.0
4.07x10“^ 10.0 _ 5*I0xi0“3 4i.O 36.0
/■ — 4 6.09x 10 0 -
t a b l e ( 24 ). Variation in Contact Angle with Concentration for
SDS and CPB Solutions at a Gold Surface 
NOTE:- All results are the mean of ten readings.
= Advancing Angle, 0^ = Receding Angle.
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'NNOMINAL CONC * M  T\T EQUIL CONC * REDUCED LOG REDUCED FLOTATION
(M) (M) c o n cn# NCONC # (%)
X.07xl0“5 6.00xl0~6 0.010 3.99 5*0
1.'6 3x10" 5 9.70xlO"6 0.016 2.19 22.1
2.57xlO~5 1.54xlO"5 0.025 2.39 31.8
4.l4xlO”5 2.76x 10“^ 0.045 2.65 38,6
6 .51x 10”5 4,68x10”^ 0.076 2.88 46.9
1.01x 10”^ 8 ,32xlO“5
.
0 .134 1.13 42.6
1,63x 10”^ 1.35x 10”^ 0,218 1.34 45.0
2.59x 10“^ 2,28x 10”^ 0.368 1.37 6 .7
3.89x10“^ 3.47x10“^ 0,560 1.75 ' 1.8
TABLE (25) Flotation Data for Gold in CPB Solutions*
NOMINAL C0NCN# 
(M)
M N  EQ.UIL ' CONC *
(M)
-----------
REDUCED
NCONC
LOG REDUCED
NCONC *
FLOTATION
(%)
1.13x 10“^ -41.01x 10 0.035 2.54 33.1
l.bSxlO”^ 1.80x 10”^ O.O62 2.79 36.9
2.90x 10”^ 2.69x 10”^ 0.093 2.97 36.3
4.65x10"^ 4.40x10”^ 0.152 1.18 39.7
7 .15x 10“^ 6 .87x 10”^ 0.237 1.37 38.7
9.19x10 8 .87x 10” 0.306 1.49 30.7
1.14x10“^ 1.llxlO”3 0.383 1.58 18.2
1,87x 10”^ 1 . 82x 10“5 0.629 1.79 1.7
TABLE (26 ) Flotation Data for Gold in TPB Solutions*
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NOMINAL CONCN * 
(M)
M  N
EQUIL * CONC * 
(M)
REDUCED
NCONC *
LOG. REDUCED 
NCONC '
FLOTAiTION
(°/o)
-4
4,43x10 -44.30x10 0.038 2.38 22.6
5 .51x 10“^ 3 • 46x10“^ 0.048 2.68 29 .'5
7 .03x 10"^ 6 ,85x 10“^ 0.061 2.78 29.9
9.94x10”^ 9.80x 10“^ 0.087 2.94 30.3
1.76xlO“3 1.74xl0“3 0 . 154 1.19 27.3
3.48x10”3 3.48x 10“3 0.308 1.49 8.3
4.25xlQ“3 4 .25x !0“3 0.376 1.58 6.9
7.34xlO“3 7 .34x 10“ 3 0.630 1.81 0.8
TABLE (27). Flotation Data for Gold in DPB Solutions,
NOMINAL C0NCN * 
(M)
M N EQUIL * CONC *
(M)
REDUCED
NCONC *
LOG. REDUCED 
NCONC *
FLOTATION 
: (%)
2.04xl0“3 1.19xlO“3 0.017 2.24 22.8
4.97x 10“3 3.35xlO“3 0.049 2.69 29.6
-41.01x 10 7 .30xl0”3 0.106 1.03 39.9
1.51x 10“^ 1.18x 10“^ 0.171 1.23 32.7
— 41.72x 10 — 41.39x 10 0.201 1.30 31.3
—42.27x 10 ; -41.93x 10 0.280 T.45 19.0
2.49x10“^ 2.13x 10“^ 0.309 1.49 16.0
3.54x10“^ 3.19x 10“^ 0.462 1.66 7.9
4.13x 10“^ 3.70x 10“^ 0.536 1.73 3.4
t
TABLE ( 28) . Flotation Data for Gold in CTAB Solutions
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NOMINAL CONCN * equilm * c o n c n  * REDUCED
■.—  — .....  ..
LOG. REDUCED ;
f1----
FLOTATION
(M) (M) NCONC * NCONC * (%)
-4
1.28x 10 -41.13x 10 0.036 2.36 25.2
2.23x 10“^ 2.06x 10“^ 0.064 2.81 28.4
3 .28x 10”^
_ 4
3.02x 10 0,094 2.98 29 . 2
4.31x 10”4 4,23x10”^ 0.132 • h* to 26.8
6 .66x 10 ^ 6 .33x 10”^ 0.198 1.30 26.3
9.94x10”^ 9.39x10”4 0.300 1.48 16.3
1.30x 10”3 1.26xlO”3 0.394 I .60 6.3
1.6lxlO"3 1.37x10"3 0.491 I .69 5 .4
! ^ 3  
! 2.02x 10 J 1.96xl0"3 0.613 1.79 1.3
TABLE (29). Flotation Data Tor Gold in TTAB Solutions.
NOMINAL C0NCN *
M M 
EQUIL 0 CONC * | REDUCED
1
LOG. REDUCED FLOTATION
(M) (M)
NCONC * NCONC * (%)
7.48x10"4 _47 .30x 10 0.038 2.76 21.7
9.T9x10"^ 8 .93x 10”^ 0.071 2.85 22.7
1.27xlO"3 1.24x10”3 0.098 2.99 26 , 4
1.90x 10”3 1 , 8 7 x 1 0 ” 3 0.147 1.17 24.9
3.73xl0”3 3.73X10"3 0.294 1.47 16 .’4
4.96x 10"3 4.96xl0”3 0.391 1.59 5 - 3
6 .28xlO“3 6 .28x 10“3 0.494 1.69 3.0
8 . 5 0 x 1 0 ” 3  ! 8 .30x 10”3 0,669 7.83 0.7
t a b l e (30). Flotation Data for Gold in DTAB Solutions.
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NOMINAL CONC1*’ 
(M)
EQUIL ‘CONC1"5 
(M)
REDUCED
NCONC *
LOG REDUCED 
NCONC #
FLOTATION
(%)
3.23xlO“6 1 62,65x 10 0.013 2.11 1.8
4.71xlO“6 3.99xl0“6 0.019 2.29 1.9
6.33xlO“6 5.33xlo“6 0.026 2.41 4.1
8 .51x 10”6 7.37x10“6 0.036 2.53 2.4
1.27xlO“3 1.Ilxl0“3 0.054 2.73 6.3
1.60xl0“3 1.38xlo“3 0.067 2.83 4.0
2,09x 10""'* 1.86xl0“3 0.090 2.96 3*'1
3.39x10“3 3.10xl0“3 0.150 T .18 2.0
3 .32xlO“3 4,92xl0“3 0.239 1.38 1.0
TABLE (3i). Flotation Data for Gold in SCS Solutions m
NOMINAL C0NCN * M N EQUIL *CONC * REDUCED LOG.’ REDUCED FLOTATION
(M) (M) c o n cn • CONCN • (%)
5 , 02x 10*"'* 4.62xlO“3 0.006 3.76 16.5
8,70xl0~3 8.24x10“3 0,010 2.00 25
1.64xlO“4 1.58x 10“^ 0.020 2.29 26.1
2.45xlO“4 2.39x 10“^ 0.030 2.47 24.9
4.02xl0”4 3,94xl0“4 0.049 2.69 24.7
3.65xlO“4 3.37xl0“4 O.O69 2.84 9.6
0 1 -48 .09x 10 * 7.99xlO“3 0,099 2.99 8.7
1.08xl0“3 l,07xl0“3 O.I32 T. 12 3.9
1.42xlO“3 1.41x10“3 0.174 T. 24 1.9
2.01xl0“3 2,01xl0“3 O.25O "l. 4o 2.3
2.'46x10“ 5 2.46xlO~3 0,300 1.48 2.0
3.17xlO“3 3,17xlO“3 0.390 1.59 1 A
4.80x 10“3 4.80xl0“3 0.590 1.77 0.8
TABLE (32). Flotation Data for Gold in SDS SoIniions*
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APPENDIX
Least Squares Calculation of Monolayer Coverage for 
Manoxol OT Adsorbed on Gold
For the straight line y = a+bx, where y is a
dependent variable and x a known quantity, the normal 
66
equations for n observations are:
' £ y = na + b x 
[ xy = a + b ^ x 2
In the Langmuir equation /a is the dependent variable 
and /Cg the known quantity. The following table shows 
computed values of ( V C g X 1^ )  and ( V c E)2 fQp thirteen
observations:
1/c7?
4
1/
a
4 ( 1 /C E
) (1/ ) 
' a
A
1,02 X 10 1 *50 X 10 1.53 X 10
2.55 X 103 1.14 X 10^ 2,91 X 107
1.79 X 103 9.87 X 103 1.77 X 107
1.16 X 103 7.63 X 103 8.85 X io6
1.13 X 10 3 7 .2 2 X 103 8.16 X io6
8.88 X 102 ■ 6.57 X 103 5.83 X io6
7.28 X 102 5.71 X 103 4.16 X io6
6.16 X 10 2 4.86 X 103 2.99 X io6
4.99 X 102 5.92 X 103 2.95 X io6
• ' to X 102 4.19 X 103 1.39 X io6
to . to X 10 2 4,65 X 103 1,04 X io6
1.58 X 10 2 4.54 X 10 3 7.17 X 10 5
M
-
• to X 10 2 4.21 X 103 5.64 X 10 5
i.o4
(V c E>
x 108
6.50 X 105
106 
106
3.20
1.34
X
X
1.28 X 106
7.89 X 103
5 .30 X 103
3.92 X 103
2.49 X 103
1.10 X 103
4.97 X 101^.
2.50 X 10k
1.54 X 10^
- 155-
£ V c E = 2,04 x 1 0^ ) 1/a = 9 , 1 8  x 1 0^
y ( 1 /r >(1/ ) = 2 , 36 x 108 /(Vc ) 2 = 1 . 1 9 X io8
Thus the normal equations are :
■ 4 4
9 . 1 8  x 10 = 13a + 2.04 x 10 b
O K O
2 . 3 6  x 10 = 2.04 x 10 a + 1 . 1 9  X 10 b.
Solving for a and b,
a = 5 s384 and b = I.O6 9 .
Comparison with the Langmuir equation gives :
a = and b =
A = 0.935 and B = 5,034.
But A = x B.m
 4
.  “ • x^ =s 1.74 x 10 g. Manoxol OT/g. gold.
° 2This corresponds to an area/molecule of 127A .
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APPENDIX II
(a) Gravimetric Determination of Ionic gromide Content*
This anion was determined as silver bromide, AgBr, by- 
precipitation with silver nitrate solution in the presence
6?
of dilute nitric acid, according to the method described by Vogel, 
As the surface-active agents were not sufficiently soluble 
in water, precipitation was carried out from alcoholic 
solutions. In all cases the purity estimated by this method 
was in close agreement with those determined by the soap- 
antagonistic titration technique described in section 2,4a,
(b) Gravimetric Petermination of Sodium Content
A weighed sample of surface-active agent, in a Main-Smith 
crucible, was repeatedly evaporated with concentrated sulphuric 
acid. This process had the dual purpose of converting the 
sodium present to the sulphate and of eliminating, by oxidation, 
the hydrocarbon content of the solid. Any bisulphate formed 
was converted to the sulphate by heating with ammonium
carbonate. The procedure adopted is fully described by
68
Vogel,
1
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APPENDIX III0
Location of the Stationary Level Within the Electrophoresis Cell
Application of an electric field across the electrodes 
in an electrophoresis cell causes displacement of the solution 
relative to the cell walls; this is known as electro*-osmosis. 
True electrophoretic velocities can only be determined in the 
stationary level that occurs between the two directions of 
flow set up in the closed system.
There are two methods of determining electrophoretic 
velocities in the stationary level;
(i) interpolation from a plot of electrophoretic 
velocity at different distances from the cell wall,
(ii) by focussing the microscope on the calculated 
position of the stationary level and making direct measurements, 
It was observed that convection currents within the cell 
increased with time; as method (ii) involved fewer measure­
ments this procedure was adopted in order to minimise the 
heating effects.
For a tube of cylindrical bore the stationary level is
43
at a distance of 0 .707a from the axis of the tube, where a 
is the tube radius. The tube radius was determined from the 
weight and dimensions of a column of mercury in the tube,
-158-
The microscope was focussed on the stationary level by ’’racking- 
in” the calculated distance from the inside of the cell wall.
The plano-convex lens formed by the cell-wall affected 
the optics of the system; the distance that the microscope 
was "racked-in" was not the simple linear distance between the 
inside wall and the stationary level. The corrected distance
44
has been shown to be:
 ^aX
|x5 a + X (y,2 -
where X = 0.293a; and } are the refractive indices of
air, the cell material and the solution respectively.
APPENDIX IV
(a) Constants
—  10e Electronic Charge 4.802 x 10 e.s.u.
— 16 — 1k Boltzmann’s Constant 1.38 x 10 erg. deg.
23N Avogadro1s Number 6,023 x 10
Tt 3-142
c Dielectric Constant
of water at 25°C 78.54
Tj Viscosity of water
at 25°C. 0,8937 centipoises.
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(D) Factors for Calculation of Electrokinetic Charge from 
the Electrokinetic Potential
ini Lexp-(^y o= ( ckT ) *  ^  ^  f Z l e % \  I  i
For uni-univalent electrolytes this reduces to:
2n_^ekT -j? e ^
= (— £-----  } sinh SSt.
At 25°C, with surface charge (<r) in e.s.u./cm?, ? in millivolts 
and where n. is the number of ions with valency Z. per cubic
X  X
centimetre:
JL
2fekT}' = 7.17 x 10-7
= 3.890 x IO-2
2f:k? = 2.06 x 10"12-
71
APPENDIX V
Determination of Critical Micelle Concentration from 
Conductivity Data
The critical micelle concentrations given on Pag!©.. 57 
were obtained from the corresponding graphs of conductance 
against concentration of surface-active agent. The 
conductivity of ionic surfactant solutions is largely due to 
the relatively mobile counterions. When micelles form they
160-
incorporate large numbers of counterions, consequently an 
increase in conductivity due to the higher mobility of the 
large, highly charged micelles is offset by a large decrease 
in conductivity caused by the movement of entrapped counterions 
against their normal direction of flow. After micelle 
formation has occurred an overall decrease in conductivity is 
therefore observed.
In the present work conductivity was found to be linear 
with respect to concentration both before and after micelle 
formation had occurred, the critical micelle concentration was 
taken to be at the intersection of the two straight lines of 
different slope.
As only relative change in conductivity was important 
in this work the reciprocal of the measured cell resistance 
was plotted against concentration, the cell constant was not 
determined. Figures ( 30- 39) show the graphs from which the 
critical micelle concentrations were taken.
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Weight of Water = 6 7 g* Concentration of* Stock Solution 
= 1.048 x 10 3M. Temperature = 25 o 2‘j°C.
STOCK S0LN * 
ADDED (g)
c o n c e nn *
(M)
CELL RESISTANCE 
R.(o h m s . ) 1/r( m h o  s . )
2.6476 3.940x10“5 42.825x 10 3 . 5 4 0 x 1 0 “ 3
4.5162 6.546x10“5 2.101x 10^ 4 . 7 6 0 x 1 0 ” 3
5 . 9 7 3 2 8 ,488xl0“3 1.667x 10^ 6 .000xl0”3
8.5910 1.179x10"^ 1.242x10^ 8 .050xl0“3
11.4649 1.516x 10“^ 9.409xl03 1.063x 10“^
14.2662 1.822x 10“^ 7.936xl03 1.260x 10“^
16.9046 2.092x 10“^ 7 *025xl03 1.423x10“^
18.9299 2.288x 10“^ 6 , 4 8 5 x 1 0 3 1.542x10“^
20.5321 2.437x10“^ 6 . 1 5 8 x 1 0 3 1.624x10“^
22.7767 2.636x 10“^ 5 . 7 4 7 x 1 0 3 1.740x10“^
26.6666 2.939x10“^ 5 .I44xl03 1.944x10"^
3i.‘i4o6 3.299x10“^ 4.641x103 2.153x 10“^
TABLE ( 37) » Data for Plot of Conductivity against Concentration 
of SCS Solutions,
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2-4rx IO FIGURE 3 0
20
CMC for SCS
0-8
0 -4
4*03-0
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Weight of* Water = 67.77 go Concentration of Stock 
Solution = 6.348 x 10~3M . Temperature = 23.30°C.
NSTOCK SOL * 
ADDED (g)
concenn 9 
(M)
CELL RESIST/TICE 
R* (ohms.)
V r
(mho s,)
5.5395 4.797x10“^ 3.522xl03 2.831x 10“^
7.8817
-4
6 .614x10 2.373xl03
-4
3.887x 10
10.7509 8.692x 10“^ 1.959xl03
-45.103x 10
13.3115 1„042x 10~3 1.636xl03
_4
6 .157x 10
16.7144 1.256x1Q~3 1.364xl03 -47.331x10
19.0883 X.395x1Q“3 1 . 2 3 7 x 1 0 3 8.084x10“^
22.1289 1.563x 10“^ l.099xl03
-49.099x10
2^.9387 1.705xlO~3 l.QQ7xl03
-49 .928x 10
28*1114 l.'86lxlO"3 9.290xl02 1.076xl0"3
32.7693
— 32.069x 10 8.337xl02 1.199xlQ“3
37.5803 2. 264x10-5 7.658x 1c2 1 . 3 O 6 x 1 0 “ 3
42.3933 2,443xlO~3 7 .l66xl02 1 . 396x 10" °
TABLE (38)o Data Tor Plot of Conductivity against 
Concentration of STS Solutions.
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6 rx IO
FIGURE 31
CMC for STS
0-8
0 * 4
1-5 2-50-5
Concrt* (mM/L.)
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Weight of Water = 90.20 g. Concentration of Stock Solution
h 6.372 x 10“^!. Temperature = 25.00°C.
STOCK S0LN> 
ADDED (g.)
NCONCEN * 
(M)
CELL RESISTANCE 
R (ohms.)
V R
(mho s.)
1,7316 1.20 x 10"3 2.513 x 103 3.979 X 10~4
3.8151 2.59 x 10~3 I.I75 x 103
4
8.51^ x 10
6.5521 4.31 x 10"3 7.135 x 102 1.402 x 10"3
7.7792 5.06 x 10“3 6,131 x 102 I.63I x 10"3
9.1766 5.89 x IO”*3 5.292 x 102 1.890 x 10"3
10.6 114 6,71 x IO"3 4.658 x 102 2.147 x 10"3
12.6116 7.82 x 10"3 4.074 x 102 2.455 x 10"3
14 * 4 148 8.78 x 10"3 3.763 x 102 2.657 x IO"3
15.7678 9.53 x IO"3 3.621 x 102 2.762 x 10“3
19.7118 1.14 x 10~2 3.314- x 102 3.018 x 10“3
22.8093 1.29 x 10“2 3.136 x 102 3.189 x 10“3
24.8037 1.37 x 10"2 3.039 x 102
'
3.291 x 10“3
TABLE ( 59 ). Data for Plot of Conductivity against
Concentration of SDS Solutions.
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FIGURE 3232 -x IO
2 8
CMC for SDS24
20
16
10
Weight of Water = 69.77 g . Concentration of Stock Solution
= 2.027 x 10 3M . Temperature = 24.80°C.
NSTOCK SOL • 
ADDED (g.)
c o n c e nn#
(M)
CELL RESISTANCE 
R (ohms)
V R
(mhos.)
10.5715
-4
2.667 x 10 8.383 x 103 1.193 x IO”3
16.2442 -43.827 x 10 5.977 x IQ3
-41.673 x 10
21,3122 4.743 x 10‘4 4.828 x 103
-42.072 x 10
26.0341 -45.508 x 10 4.187 x 103
—42.388 x 10
31.7179
-4
6.335 x 10 3.764 x 103
— 4
2.657 X 10
37.4743
_4
7.083 x 10 3.493 x 103
-4
2.862 x 10
43.2421 7.757 x 10~4 3.315 x 103
-43.017 X 10
48.7231 8.335 x 10“4 3.193 x 103
-4
3.132 x 10
54.3680
-4
8.877 x 10 3.084 x 103
-43.243 x 10
60.0242
-4
9.374 x 10 3.001 x 103 3.332 x 1 0 "4
65.4892 , -49.8l4 x 10 2.934 x 103
-43 .408 x 10
70,3168 1.017 x 10-3 2.879 x 103
i
3.495 x 10"4
TABLE ( 40). Data for Plot of Conductivity against
Concentration of Cf B Solutions.
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FIGURE 333 2 -x IO
28
CMC for CPB
24
20
I O864
Weight of Water = 76,04 g. Concentration of Stock Solution
= 1.0l8 x 10 ^i. Temperature = 25 . 3°0.
STOCK S0LN * 
ADDED (g.)
C0NC£NN *
(M)
CELL RESISTANCE 
R (ohms).
1 /
R
(mho s.)
10.5577 1.241 x 1 0 " 5 1.842 x 1 0 3
_£l
5.428 x 10
1 6 . 2 8 2 6 1 . 7 9 5 x 1 0 " 3 1 . 2 7 7 x 1 0 3
-4
7 . 8 3 0  x 10
2 1 . 1 6 6 3 2 . 2 1 7  x 1 0 " 3 1.039 x 103
~4
9 . 6 2 2  x 10
2 6 . 6 0 3 0 2 . 6 3 9  x 1 0 " 3 8 .7 8O x 102 1 . 1 3 9 x 1 0 " 3
31.4101 2.974 x 1 0 " 3 8.037 x 1 0 2 1.244 x IO-"3
42.2865 3 . 6 3 8  x 1 0 " 3 7.479 x 1 0 2 1 . 3 3 7 x 1 0 " 3
48.2546 3.952 x 10" 3 7 . 2 6 0  x 1 0 2 1 . 3 7 7 x 10~ 3
53.4124 4.200 x 1 0 " 3 7.134 x 1 0 2 1.402 x IO*"3
58,7587 4.437 x 1 0 " 3 6.984 x 1 0 2 1.432 x 1 0 " 3
64.6l47 4.677 x 1 0 ~ 3 6 . 8 7 2  x 1 0 2 1.456 x IO" 3
TABLE ( 4l ) . Data for Plot of Conductivity against
Concentration of TPB Solutions.
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FIGURE 3 4
CMC for TPB
10
JZ
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Weight of Water = 6 2.77g • Concentration of Stock Solution
= 2,214 x 10 2M. Temperature = 25.2°C.
»-.... ..... ....-
STOCK S0LN *
ADDED (g.)
NCONCEN * 
(M)
CELL RESISTANCE 
R (ohms.)
V R
(mho s.)
j; 10.6516 3.211 x 10“3 6.878 x 102 1.454 x 10“3
’ 15.1302 4.300 x 1Q~3 5.183 x 102 1.930 x 10“3
27.0877 6.674 x IO"3 3.399 x 102 2.942 x 10“3
32.8455 7.606 x 10~3 3.001 x 102 3.332 x 10"3
43.3902 9.049 x IO*"3 2.544 x 102 3.931 x 10“3
49.0205 9.708 x 10~3 2.380 x 102 4.202 x 10“3
; 60.3122 1.085 x 10~2 2.150 x 102 4.651 x 10“3
; \
" 71.9041' 1. 182 x 10~2 2.034 x 102 4.916 x IO"3
; 83.1390 1.262 x 10“ 2 1.980 x 102 : 5.051 x 10“3
94.3636 1.330 x 10“2 1.944 x 102 5.144 x IO”3
;4
105.7370 1.389 x IO"-2 1.915 x 102 5.223 x 10“3
5.123.0983 1.466 x 10“2 1.881 x 102 5.316 x 10“3
i i
TABLE ( 42 ). Data for Plot of Conductivity against Concentratioi
of DPB Solutions.
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FIGURE 35
4 5
CMC for DPB
35
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Weight of Water = 71.04g. Concentration of Stock Solution
= 1. 041 x 10 5M . Temperature = 25.05°C,
STOCK S0LN * 
ADDED (g.)
CONCEN
(M)
N. CELL RESISTANCE 
R (ohms.)
V  R
(mhos•)
3 .6 0 2 8  
5.3455 
6 . 8 1 2 2  
8.3307 
9.6119 
1 0 .9 6 1 1  
12.2521 
14.0108 
15.8108 
17.8253 
19.2426 
21.2834
* 4 . 9 6 7 X 10~5 3.425 X 10^
7.201 X 10~5
IAOr-•03 X 10^
9.004 X -5 10 J 2.222 X 10 ^
1.080 X 10“^ 1.887 X 10^
1.226 X 10”^ 1 1.739 X 10^
1.375 X
-4
10 1.563 X 10 ^
1.514 X -410 1.460 X 10^
1.695 X
-4
10 1.370 X 410
1.873 X
-4
10 1.258 X 10^
2.064 X -410 1.156 X 10 4
2.193 X
-4
10 1.117 X io4
2.372 X
10■H 1.042 X 410
to • 0^ to 0 X io"5
3.700 X 10”5
4.500 X 0
1 \J1
00tn•in X -5 10 J
5.750 X IO’5
6.400 X 10”5
6.850 X IO”5
7.300 X 10”5
7.950 X 10”5
8.650 X -5 10 J
8.95o X 10”5
9.615 X 10-5
TABLE ( 43 ). Data for Plot of Conductivity against
Concentration of OTAB Solutions.
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FIGURE 36
CMC for OTAB
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Weight of Water = 76.32g. Concentration of Stc 
= 2.032 x 10 3M . Temperature = 25.30°C.
ck Solution
STOCK S0LN * 
ADDED (g.)
C0NCENN
(M)
• CELL RESISTANCE 
R (ohms.)
%
(mho s.)
4.^352 1.08 X 10 1.908 X 10^ 5.240 X
-5
10 J
10.2180 2.33 x
-410 9.302 X 103 1.075 X
-410
14.4875 3.14 x 10“^ 6.925 X 103 1.444 X
-410
19.0046 3.93 x 10“^ 5.627 X 103 1,777 X
-410
29.6274 5.51 x
_ L
10 * 4.098 X 103 2. 440 X -410
35.2536 6.22 x -410 3.677 X 103 2.720 X
-410
46.3465 7.44 x
-410 3.218 X IQ3 3.108 X
-410
52.3622 8.02 x 1 0 " Lh 3.028 X 103 3.303 X
-410
58.4157 8.54 X 10"^ 2.905 X 103 3.442 X
-410
63.8444 8.97 x
-410 2.820 X 103 3.546 X 10"^
68.8946 9.35 x 10“^ 2.751 X 103 3.635 X 10~^
78.1156 9.96 X
-410 2.642 X 103 3.785 X
-410
TABLE ( 44 ) . Data for Plot of Conductivity against
Concentration of CTAB Solutions.
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FIGURE 37
3 0
CMC for CTAB
24
“177-
Weight of Water = 71« 56 g, Concentration of Stock Solution
= 1.OOo x 10 Temperature = 25.30°C.
STOCK S0LN * 
ADDED (g.)
NCONCEN * 
(M)
CELL RESISTANCE 
R (ohms.)
%
(mhos.)
4.304?
-4
5.54 x 10 3.631 x 103
-4
2.754 x 10
9.4777 1.14 x 10“3 1,787 x 103 5.596 x 10"^
14.9423 ; 1.68 x 10“3 1.220 x 103
-4
8 . 1 9 8  x 10
20 *. 0408 2.13 x 10“3 9.724 x 102 1 , 0 2 8 x 10“3
25.5928 2.57 x 10“3 8 ,l4l x 102 1 . 2 2 8 x 10“3
3 1 . 2 1 0 2 2 . 9 6  x 10“ 3 7.204 x 102 1 . 3 8 8 x 10“3
4l.4lil 3.57 x 10“3 6.309 x 102 1.585 x 10“3
j 47.5026 3 . 8 9  x 10“3 6 . 0 0 7  x 102 1.665 x 10“3
\ 5 2 . 8 7 6 7 4,l4 x 1Q~3 5.813 x 102 1.720 x 10“3
!58.7^16 4.40 x io“3 5 . 6 5 6  x 102 1 , 7 6 8 x 10“3
;6 8 . 3 5 3 6 4.76 x 10“3 I 5.445 x 102 I . 8 3 7 x 10“3
79.5322 5.14 x 10“3 5 . 2 6 9  x 102 I . 8 9 8 x 10”3
TABLE ( 45 ). Data for Plot of Conductivity against
Concentration of TTAB Solutions.
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FIGURE 38
CMC for TTAB
c
Concn‘ (mM/L)
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¥ sight of Water = 66.C3g. Concentration of Stock Solution
= 9*762 x lO'^M, Temperature = 25.Q5°C.
NSTOCK SOL * 
ADDED (g,)
N
CONCEN * 
(M)
CELL RESISTANCE 
R (ohms.)
v R
(mho s.)
1.9912 2 . 8 5 8  x 10“3 7 ,604 x IQ2 1.315 x 10“ 3
3.5074 4.924 x 10“3 4.487 x 102 2.229 x 10~3
5*7569 7 . 8 2 8  x 10~3
0
2.872 x 10 3.482 x 10“3
7.4956 -39 . 9 5 1  x 10 ^
0
2.329 x 10 4.294 x 10“3
8.8255 1. 151 x 10“2 2 . 0 7 3  x 102 4.824 x 10“3 i
1 0 . 1 6 9 2 1 . 3 0 3 x 10~2 1.886 x 102
_
5 . 3 0 2  x 10“5
12.0448 —  ?1 . 5 0 6 X 10 1.724 x 102 5 . 8 0 0  x 10 ^
13.9410 1 . 7 0 2  x 10“2 I . 6 1 6 x 102 6 . 1 8 8  X 10“3
15.8030 1.885 x 10“2 1.540 x 102 6 . 4 9 4  X 10“3
17*9195 2.084 x 10“2 1.473 x 102
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . i
6 . 7 8 9  x 10“3
. . .  . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  - i
TABLE (46 ) Data for Plot of Conductivity against 
Concentration of DTAB Solutions,
-ISO­
FIGURE 39
CMC for DTAB
JZ
Concn‘ (mM/L)
2010
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ADSORPTION FROM AQUEOUS SOLUTIONS OF IONIC SURFACE- 
ACTIVE AGENTS BY GOLD
P A R T  1
Adsorption from Aqueous Solutions of Ionic Surface-Active
Agents by Gold
Part 1
B y  D .  P. B e n t o n  a n d  B .  D. S p a r k s  
Dept, of Chemistry, B a t t e r s e a  College of Technology, London, S.W .ll 
Received 4th May, 1966
M e as u r e me n t s  have been m a d e  of the extent of adsorption f r o m  aqueous solutions b y  gold of 
s o m e  long-chain pyridinium bromides a n d  s o d i u m  sulphates. Electrokinetic properties of gold 
in these solutions have also been investigated by  microelectrophoresis. T h e  degree of adsorption 
of the cationic surface-active agents w a s  greater than that of the anionic c o m p o u n d s  a n d  a c o n ­
gruent function of reduced concentration within a h o m o l o g o u s  series of c o m p o u n d s .  T h e  isotherms 
exhibit a two-step character which, f r o m  the electrophoretic data, m a y  be interpreted in terms of 
a two-layer adsorption mechanism. Specific adsorption of surfactant anions in the primary layer 
is postulated a n d  it is suggested that the electrophoretic data allow conclusions to be d r a w n  re­
garding the m o d e s  of orientation of surfactant ions in the adsorbed layers.
It is generally supposed that the initial stages of adsorption of paraffin-chain 
electrolytes on polar solids, such as oxides, occur predominantly by attachment 
of the polar head of the surface-active ion by electrostatic attraction. The strong 
dependence of the adsorption on the pH of the solution reflects the dependence 
upon pH of the number and sign of the polar sites on the surface.1 Also to be 
considered are the chemical affinity of the surface-active ion for the surface and 
particularly following the initial stages of adsorption, the tendency for the hydro­
carbon part of the ion to be expelled from the aqueous phase and to associate at 
the interface. Fuerstenau and co-workers 1~6 have proposed that after initial ad­
sorption of surfactant ions on charge-determining sites, a critical concentration is 
reached when association into “ hemimicelles ”—surface analogues of micelles in 
bulk solution—takes place. Correlations between hemimicelle formation, electro- 
kinetic potential and flotation characteristics were demonstrated. The possibility 
of further adsorption by inter-chain cohesion after initial coverage of the surface, 
i.e., multilayer formation at higher bulk solution concentrations, has also been 
considered.
Schulman7 has given evidence that double layers are adsorbed by barium 
sulphate from sodium dodecyl sulphate solutions. The first layer is assumed to 
be chemisorbed and the second layer adsorbed by inter-chain cohesion with the 
polar heads directed towards the solution. A. similar mechanism was proposed 
for adsorption by copper.8 A simple two-layer structure, in reversed orientation, 
is attractive in consideration of the two-step isotherms obtained and of re-wetting 
phenomena.7 However, Jaycock and Ottewili 9 have pointed out that the formation 
of a complete monolayer, with polar heads attached to the surface and the chains in 
perpendicular orientation may be energetically less likely than a flat or angled 
orientation. Attachment in reverse orientation may therefore occur appreciably 
before the amount adsorbed corresponds to that for a complete vertically orientated 
monolayer. Such a view is also implied in the hemimicelle theory.
3244
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With the exception of mercury, studies of adsorption at the metal interface in 
aqueous solutions have been relatively few. A difficulty is the lack of knowledge 
regarding the extent of oxide formation on the surface. Furthermore, electro- 
kinetic measurements have been limited by the conducting nature of the metal. 
However, Harrison and Elton 10 have determined electrokinetic potentials of gold 
and silver in some inorganic electrolyte solutions from electrophoretic data assuming 
the particles behave effectively as non-conductors, and obtained satisfactory agree­
ment with results of Hurd and Hackerman 11 using the streaming current technique. 
Since the complete electrical polarization of small metallic particles can be pro­
duced by polarization tensions of a few microvolts,12 such polarization would occur 
under the experimental conditions employed for microelectrophoresis and the 
particles behave as though non-conducting.
In the present paper the interface between gold and aqueous solutions of some 
long chain alkyl sulphates and alkyl pyridinium bromides has been studied. Ad­
sorption measurements have been made by determination of concentration loss 
from solution, and electrokinetic properties have been investigated by microelectro­
phoresis.
EXPERIMENTAL
M A T E R IA L S
Precipitated gold powder was supplied by Johnson Matthey and Co. Ltd. Specimens 
in the particle size range up to 10 /i diam., were used for adsorption measurements and 
fines, 1-2/rdiam., for electrophoresis; these were separated by fractional sedimentation 
in water. Specimens were washed in concentrated nitric acid, and repeatedly in hot re­
distilled deionized water, alcohol and ether. Subsequent to use in an adsorption deter­
mination, specimens were repeatedly washed in hot redistilled water until the surface 
tension of the washings, as measured by a Du Nouy tensiometer, reached the value for the 
pure water. The specific surface area of the gold was determined by a B.E.T. method, 
modified for low area solids, in an apparatus similar to that of Aylmore and Jepson,13 
using Kr85. A value of 3-0x 103 cm2/g was obtained.
Cetyl pyridinium bromide, CPB, supplied by B.D.H. Ltd., was recrystallized from 
acetone. Tetradecyl and dodecyl pyridinium bromides, TPB and DPB, were prepared 
by heating the alkyl bromide (K and K Laboratories Inc.) with 20 % mole excess of re­
distilled pyridine under reflux at 110-120°C for 2h. Products were recrystallized from 
acetone+water and finally from acetone.
Sodium dodecyl sulphate, SDS, supplied by Cyclo Chemicals Ltd., and sodium tetra­
decyl and cetyl sulphates, STS and SCS, supplied by K and K Laboratories Inc., were 
recrystallized from water.
D E T E R M IN A T IO N  OF C R IT IC A L  M IC E L LE  C O N C E N T R A T IO N S
These were determined at 25°C by the conductimetric method; good linear plots of 
conductance against concentration, with one abrupt change of slope, were obtained for 
each compound studied with the exception of STS. For this compound the value of the 
critical micelle concentration was not established with certainty and the material was 
doubtless of lower purity than the other compounds. Results of these determinations 
are listed in table 1. * ■
M E A S U R E M E N T  OF A D S O R P T IO N
An appropriate weight (10-40 g) of gold powder was weighed into a bottle to which 
20 ml of a solution of the surface-active agent was added. The rubber-sealed, screw-capped 
bottle was shaken vigorously in a thermostat at 25±0T°C. Concentration of original 
and equilibrated solutions were determined by the soap antagonistic titration method,14
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using chloroform as the second phase and bromophenol blue or methylene blue as in­
dicator. The purity of all materials studied, with B.D.H. “ standard cationic compound ” 
(cetyl pyridinium bromide) as primary standard, was between 98 and 100 % with the 
exception of STS. This compound was less pure and was not improved on further re­
crystallization.
T a b l e  1 .— C r i t ic a l  m ic e l l e  c o n c e n t r a t io n s
DETERMINED CONDUCTIMETRICALLY
material c.m.c.
mM/1.
DPB 11-3
TPB 2-9
CPB 0-62
SDS 8-11
STS (approx. 1-4)
SCS 0-21
Preliminary adsorption measurements indicated that equilibrium was attained in 2-3 h 
but analysis was usually carried out after 24 h. The amount a of adsorption in molecules/ 
cm2 was calculated using the equation
a = (C0- C B)NV/WA,
where Co, Ce are original and equilibrium concentrations of surface-active agent in solu­
tion (equiv./ml), V =  volume of solution equilibrated with W g of gold powder of specific 
surface area A cm2.
E L E C T R O P H O R E T IC  M E A S U R E M E N T S
The microelectrophoretic cell consisted of a Pyrex capillary 18 cm long, 2-5 mm diam., 
with an electrode chamber at each end. Electrodes were of greyed platinum sheet, each 
3 cm2, and a potential gradient of 6 V/cm was provided by a stabilized d.c. power unit. 
The capillary was mounted vertically on the stage of a microscope set for horizontal viewing. 
The centre section of the capillary wall was ground flat on two faces at right-angles, one 
for viewing, the other for illumination by a lamp and condenser system containing a water 
heat filter. The microscope objective was x 15 and the eyepiece x20. Observation of 
particle velocities in the calculated stationary level15 were made for each direction of the 
electric field, i.e., with and against gravity. In focusing at the stationary level, allowance 
was made for the optical effect of the plano-concave lens of the cell wall.16 Velocities 
were measured by timing the passage of particles across a calibrated eye-piece graticule 
using two stop-watches in order that continuous observation of a given particle could be 
maintained for both directions of the field. The electrophoretic velocity of the particle 
was then given by the mean of the velocities with opposite directions of the field.
Suspensions for electrophoretic examination were prepared by mixing appropriate 
volumes of a stock suspension of the gold fines in redistilled deionized water with solutions 
of surface-active agent. Ratios of area of solid to volume of solution were so small that 
no correction of the electrolyte concentration for loss by adsorption was required. Prior 
to an electrophoretic determination the cell was flushed with solution of the same electro­
lyte concentration as to be examined. Velocities of at least 50 particles were determined 
for each electrolyte concentration and although the scatter was sometimes large, average 
values were reproducible within 6 % for each member of the cationic series and within 
3 % for each member of the anionic series. All measurements were made in a thermo­
stated room at 25 ±2°C.
Electrokinetic potentials £ were calculated using the equation
( =  AnrjvJeE,
where ve is the electrophoretic velocity under an applied field strength E in a dispersion
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m e d i u m  o f  dielectric constant e a n d  viscosity rj. T h e  factor 4  w a s  a d o p t e d  in calculation 
o f  all data presented here. Corrections for relaxation effects 17 c a n  b e  neglected for the 
particle sizes a n d  l o w  n u m e r i c a l  values o f  electrokinetic potential e n c o u n t e r e d  in the l o w e r  
concentration r anges o f  this w o r k  in uni-univalent electrolytes. Corrections for surface 
c o n d u c t a n c e 18 m i g h t  b e  w a r r a n t e d  for the lowest concentration r anges encountered.
R E S U L T S
Adsorption of CPB, TPB, DPB, SCS and SDS has been studied in the range of 
concentration up to the critical micelle concentration Cm. The degree of adsorption 
as a function of the concentration C of the solution is greater in the cationic series 
than in the anionic series and in both cases increases with the length of the hydro­
carbon chain. In the cationic series, if the amount of adsorption is plotted against 
the reduced concentration C/Cm a single curve may be drawn for the three members. 
For the anionic compounds a similar congruency of extent of adsorption with re­
duced concentration is exhibited for values of C/Cm greater than approx. 0-25 but 
a smaller adsorption of the cetyl compound than of the dodecyl compound is 
indicated at lower values of C/Cm. These results are illustrated in fig. 1.
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F i g . 1.— Isotherms s h o w i n g  a m o u n t  adsorbed a  molecules/cm2 as a function of reduced c o n ­
centration, C / C m .
Electrokinetic potentials £ calculated from the electrophoretic data show for 
the cationic series, CPB, TPB and DPB, S-shaped curves when £ is plotted against 
the logarithm of concentration. Values in redistilled, deionized water were con­
sistently obtained at —50 +  3 mV. Charge reversal occurs in the cationic series, 
in each case at CjCm =  0-012 —0-016 followed by increasing positive values of 
£ reaching a value near to +  50 mV near the critical micelle concentrations. A feature 
of these data, for the cationic series, is that a single curve may be drawn through 
the values of £ potential, for all three members, when plotted against log (C/Cm). 
This is illustrated in fig. 2 and £ is thus a congruent function of reduced concentra­
tion for the series.
Fig. 2 also illustrates the data for the anionic series SCS, STS and SDS, where 
little change of £ from the value in water occurs at low concentrations. For SDS,
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at C/Cm— 0-2, (  changes steeply to a maximum value in excess of —100 mV at 
C/Cm— 0-5, becoming less negative as the critical micelle concentration is approached. 
Negative maxima of smaller and intermediate magnitude are exhibited by SCS and 
STS in the same region of reduced concentration. As the concentrations approach 
critical micelle values, (-potentials become similar again for the three members of 
the series. The lower purity and uncertainty in the critical micelle data of the STS 
must be noted in consideration of the position of the curve for this compound, 
shown as a broken line in fig. 2.
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F i g . 2.— Electrokinetic potential ( m V  as a function of the logarithm of reduced concentration
log ( C / C  j .
Values of the electrokinetic charge for the anionic compounds and the positive 
region for the cationic compounds have been calculated using the equation,
'NskT
5007t
* u ^ • / 2sinh -—  ions/cm .
. 2kT 1
This net charge on either side of the plane of shear for members of the cationic 
series increases throughout the concentration range studied, the relative magnitudes 
of the charges for the different members at a given reduced concentration being- 
governed by the relative ionic strengths of the solutions, since the (-potentials are 
congruent functions of reduced concentration. In the anionic series the negative 
charges increase with concentration to maxima at C/Cm values of 0-4-0-6, there­
after becoming less negative. The magnitudes of the maxima decrease markedly with 
increasing chain length and at concentrations near the critical micelle values the 
relative magnitudes of the charges for the members of the series are determined by 
relative ionic strength since the (-potentials again become similar. These results 
are illustrated in fig. 3.
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DISCUSSION
Amounts of adsorption which are congruent functions of the reduced concentra­
tion have been obtained for homologous series by other workers and may be con­
sidered as an expression of Traube’s rule. Such a result was obtained by Tamamushi 
and Tamaki19 for adsorption of dodecyl-, tetradecyl- and hexadecyl ammonium 
chlorides by alumina. Traube’s rule is often obeyed for adsorbents not possessing
Fig. 3.— Electrokinetic charge a ions/cm2 as a function of reduced concentration C / C m .
very small pores.1 Experimental adsorption isotherms of the type found in the 
present work have been examined 19 in terms of the Brunauer-Emmett-Teller equa­
tions, in particular the form representing the build-up of a finite number of layers :
where x — reduced concentration C/Cm; n =  number of adsorbed layers; oq =  
amount adsorbed in a completed monolayer and K  =  a constant.
Application of this equation to the present results using the method of Joyner, 
Weinberger and Montgomery,20 showed a reasonable fit for n values of 2 or 3 for 
reduced concentrations less than approximately 0-5. However, the equation is 
not sensitive to changes in n and this approach is of little help in deducing the nature 
of the adsorption process. Further, in these systems the free energy of adsorption 
is electrochemical, partly made up from a term including the electric potential in 
the adsorbed layer and the use of the B.E.T. treatment seems sterile.
The precise determination of ion distributions and electric potentials in the 
electrical double layesr of these systems raises difficulties. Although the diffuse 
layer theory of Gouy and Chapman is valid for the outermost zone of the electrical 
double layer, the distribution of counterions nearer the actual surfaces of the solid
12
8X IO DPB
“ 16
cc^Kx 1 — (n +l)x" +  nx"+1 
a =  ( 1 - x )  l + ( K - l ) x - K x n+v
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presents uncertainties regarding the location of the shear in electrokinetic motion 
and leave the significance of the {-potential in doubt.
Comparison of the values of amounts a adsorbed and electrokinetic charge a 
(fig. 1 and 3) show that extensive counterion adsorption occurs on the surface side 
of the electrokinetic shear. The net charge is thus determined, as in other sys­
tems 21 > 22 by a small excess of ions of one sign relative to the total number adsorbed. 
Whether this is due to adsorption of counterions into the primary Stern fixed layer 
or to immobilization of the liquid over a greater distance from the surface by an 
electroviscous effect,23 or by both, is not established. However, in spite of these 
difficulties, results of electrophoretic measurements in the systems studied here 
suggest some conclusions regarding the structure of the adsorbed layers of surfactant 
ions.
The attraction of counterions and double layer structure is likely to be strongly 
influenced by the mode of orientation of the adsorbed surfactant ions in the primary 
layer. Retention of counterions in a region on the surface side of the electro­
kinetic plane of shear would be stronger with a primary adsorbed layer orientated 
with the polar heads toward the solution than where polar heads were attached to 
the surface and the chains angled outward.24’ 25 The negative potential and charge 
at the gold surface in water and the results of Harrison and Elton 10 for gold in 
inorganic electrolyte solutions imply preferential adsorption of anions into a primary 
layer. Specific attraction of the surfactant polar heads must be considered and 
the greater the tendency for polar heads to be so attached, the greater will be the 
tendency for the surface-active ion to be held in this orientation as the packing in 
the adsorbed layer increases.
The present results indicate that the major factor governing the degree of ad­
sorption, for a given head group, is the energy with which the hydrocarbon chain 
is expelled from the aqueous phase and the congruency of the adsorption isotherms 
in both series suggest that steep orientation of the surface-active ions occurs. For 
a given extent of adsorption, i.e., at a given reduced concentration, the actual con­
centration of surfactant ions in solution is greater the shorter the chain length. 
If specific adsorption of the head group occurs then it would be expected that a 
greater proportion of adsorbed surface-active ions will be held in head-to-surface 
orientation the shorter the chain length and, as suggested above, the retention of 
counterions would then be less and the electrokinetic charge and potential achieve 
larger values. This is found experimentally in the anion series.
The congruency of the { against log (C/Cm) curves for the cationic series would 
arise from negligible specific adsorption of the positive polar head so that adsorption 
into the first layer then only depends on the tendency for the hydrocarbon chains 
to be expelled from the aqueous phase. After neutralization of the initial small 
negative charge, the charge of this layer becomes positive and in the absence of 
specific attachment of polar head groups, the build-up and orientation character­
istics of the adsorbed layer are the same for each member of the series at the same 
reduced concentrations. The resulting charge distribution arising from counter­
ion attraction is then governed by the ionic strength of the solution throughout 
the range of reduced concentration. This is further confirmed by electrophoretic 
measurements in cetyl pyridinium bromide solutions containing sodium bromide 
to maintain constant ionic strength (10~2 M). Results of these measurements are 
shown in fig. 2, where it is seen that the {-potential values are close to the same 
{ against log (C/Cm) curve.
In fig. 4 the electrokinetic charge is plotted as a function of the extent of ad­
sorption for each compound; the extent of adsorption is expressed as the ratio
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a/aCm, where aCm is the amount adsorbed when the solution concentration is the 
critical micelle concentration. In the cationic series a distinct break is shown in 
the curve for each member at a/aCm =  0-66 corresponding to an adsorption of 
17-5 x 1013 molecules/cm2 at reduced concentration 0-55. This allows an area of 
57 A2 per cation. In the anionic series, breaks in the curves are maximum charge 
values and occur at al<xCm =  0-52 — 0-58, corresponding to an adsorption of 6-7 x 1013 
molecules/cm2 at reduced concentration 0-55. This allows an area of 150 A2 per 
anion. These breaks correspond with the inflections of the adsorption isotherms 
in both series and support the view that the first stages of the two-step isotherms, up
8X10
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Fig. 4.— Electrokinetic charge a ions/cm2 as a function of a m o u n t  adsorbed/amount adsorbed
at critical micelle concentration, a/aC m.
to the inflections, represent the formation of first absorbed layers while the second 
portions represent second layers adsorbed by chain interaction with all polar heads 
orientated towards the solution. With the cationic compounds a considerable 
proportion of the adsorbed cations in the first layer would be in head-to-solution 
orientation. The breaks in the curves, fig. 4, corresponding to adsorption of the 
second layer are therefore less marked than for the anionic compounds, particularly 
for SDS, where a high proportion of surfactant ions are adsorbed in the first layer 
in head-to-surface orientation by specific attachment of the anion heads.
Formation of a completed monolayer may have less definite significance for the 
cationic than for the anionic compounds and in this connection the adsorption 
isotherm for the anionic compounds consists of two virtually equal stages; this is 
not so for the cationic compounds.
Thanks are due to Dr. H. G. Masterson for permission to use the B.E.T. apparatus 
in the Central Electricity Research Laboratories, Leatherhead, Surrey. We also 
acknowledge, with thanks, the support of the S.R.C. in the award of a Maintenance 
Allowance to one of us (B. D. S.).
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T h e  extent of adsorption b y  gold f r o m  aqueous solutions of a series of long-chain a m m o n i u m  
bromides has been me as u r e d  a n d  electrokinetic properties of gold in these solutions studied b y  
microelectrophoresis. Froth flotation of gold particles has been studied in solutions of long-chain 
a m m o n i u m  bromides, of long-chain pyridinium bromides a n d  of the anionic c o m p o u n d s  s o d i u m  
cetyl sulphate a n d  s o d i u m  dodecyl sulphate. In part 1, conclusions were d r a w n  f r o m  adsorption 
a n d  electrophoretic data regarding the m o d e s  of orientation of surfactant ions in the adsorbed 
layers; specific adsorption of surfactant anions but not of cations w a s  postulated. T h e  relative 
efficiencies of flotation reported here support those conclusions.
On the basis of adsorption and electrokinetic potential data for gold in solutions 
of long chain pyridinium bromides and sodium sulphates, it was proposed 1 that 
specific adsorption of surfactant anions takes place in a primary layer but that 
specific adsorption of surfactant cations was negligible. Attempts to obtain support 
for this view from direct measurements of contact angles between a gold plate and 
these solutions were unsuccessful due to difficulties in preparation and cleaning of the 
plate reproducibly over a sufficient area. However, reproducible comparison of ease 
of flotation of gold particles (5-10 p diam.) in the different solutions has been obtained 
and results are given in the present paper.
Electrophoretic measurements on gold in solutions of long-chain trimethyl am­
monium bromides and of decyl pyridinium bromide, in the range of concentration up 
to the critical micelle concentration Cm are also reported. These results clarify the 
factors leading to the congruency of the £ against log (C/Cm) curves for the cetyl-, 
tetradecyl- and dodecyl pyridinium bromides reported previously.1
EXPERIMENTAL
M A T E R IA L S
Gold powder was as described in part 1. Cetyl (CPB), tetradecyl (TPB), dodecyl (DPB) 
and decyl (DePB) pyridinium bromides, and cetyl (SCS) and dodecyl (SDS) sodium sulphates 
were obtained as described previously.1 Octadecyl (OTAB), cetyl (CTAB) and tetradecyl 
(TTAB) trimethylammonium bromides, supplied by Glovers Chemicals Ltd, were re­
crystallized from acetone. Dodecyl trimethyl ammonium bromide (DTAB), was prepared 
by heating dodecyl bromide, supplied by Kodak Ltd., with 20 % mole excess of trimethyl- 
amine in ethanol, under reflux for 3 h. Ice-cold water was pumped through the condenser.
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Critical micelle concentrations Cm of the trimethyl-ammonium bromides were determined 
at 25°C, by the eonductimetric method.1 Results of these determinations are listed in table, 
1. .
T a b l e  1 .— C r i t ic a l  m ic e l l e  c o n c e n t r a t io n s
material c.m.c.
mM/l.
DTAB 12-7
TTAB 3-2
CTAB 0-69
OTAB 0125
A D S O R P T IO N  A N D  E L E C T R O P H O R E T IC  M E A S U R E M E N T S
These were carried out for the trimethyl ammonium bromides, at concentrations up to 
the critical micelle concentration, using the apparatus and methods already described.1
F L O T A T IO N  M E A S U R E M E N T S
The all-glass apparatus consisted of a tapered flotation chamber of 25 ml capacity, 
stoppered at the wide, upper end and fitted with a small sediment receiver, capacity 2 ml, at 
the lower end. A small amount of gold was weighed into the lower receiver and the latter 
attached to the flotation chamber. Surfactant solution was added to a particular level 
and the solution was frothed by mounting the chamber radially on a plate rotating in a vertical 
plane at a fixed speed. After a fixed time, shaking was stopped and unfloated gold settled 
into the receiver. The latter was removed and settled gold dried and weighed; extent of 
flotation was determined by difference. A number of similar cells were used in order to cover 
the appropriate range of surfactant concentration in a flotation run; it was ensured that the 
volume of air above the solution was the same in each cell. In these experiments, ratios of 
(area of solid)/(volume of solution) were such that corrections of electrolyte concentration 
for loss by adsorption were necessary. These were made using the appropriate adsorption 
data and reduced concentrations, plotted in fig. 3, have been calculated from corrected 
equilibrium concentrations,
RESULTS
Results of adsorption measurements for the trimethyl ammonium bromide series 
are illustrated in fig. 1. The extent of adsorption is plotted against reduced concen­
tration, CjCm, for OTAB, CTAB, TTAB and D TA B; a single curve may be drawn 
for the four members of the series. Similar congruency has been obtained 1 for the 
series of pyridinium bromides CPB, TPB and DPB. The latter results are included in 
fig. 1 and comparison shows that the trimethyl ammonium bromides are adsorbed to 
the lesser extent.
Electrokinetic potentials C calculated as stated previously 1 from the electrophoretic 
data, for OTAB, CTAB, and DTAB show S-shaped curves when plotted against the 
logarithm of concentration. Similar curves have been reported 1 for the pyridinium 
bromides CPB, TPB, and DPB ; it was further shown that, within experimental 
error, C was a congruent function of reduced concentration for the three compounds. 
In fig, 2, the C-potential data for the trimethyl ammonium bromides are plotted as a 
function of log (C/Cm). This figure indicates a congruency in the data for all four 
compounds in the range of reduced concentration up to the isoelectric point but at 
higher reduced concentrations, where the gold carries a net positive charge, the
2272 ADSORPTION OF SURFACE-ACTIVE AGENTS BY GOLD
congruency is continued only for the octyl and cetyl compounds. For the shorter- 
chain compounds TTAB and DTAB, the values of £ increase to values of only approx. 
+  45 and +  30 mV, respectively, as the critical micelle concentrations (log (C/Cm) =  0) 
are approached.
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Fig. 1.—Isotherms showing amount adsorbed, a molecules/cm2, as a function of reduced concentra­
tion, C/Cm-
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Fig. 2.—Electrokinetic potential, £ mV, as a function of the logarithm of reduced concentration,
log (C/ Cm).
X  , O T A B  ; X ,  C T A B ;  *, T T A B ;  H ,  D T A B .
Results of the flotation experiments are illustrated in fig. 3, where the efficiency of 
flotation (arbitrarily expressed as the percentage of the gold floated under the given 
experimental conditions) is shown plotted against the logarithm of surfactant reduced 
concentration for each of the three groups of compounds studied. Stable froths 
were produced in all cases, except that of sodium cetyl sulphate, by the presence of 
the floated particles, The fact that the froth with sodium cetyl sulphate solutions was
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not so stable gave rise to the apparently lower efficency of flotation by SCS than by 
SDS. For each compound studied, flotation efficiency passes through a maximum 
and within each cationic series increases with increasing chain length. A feature
50
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Fig. 3.—Efficiency of gold flotation as a function of the logarithm of reduced concentration,
log (C/ Cm).
X  , C T A B ; *, T T A B  ; E ,  D T A B  ; O ,  C P B  ; f), T P B  ; • ,  D P B  ; A ,  S D S  ; A ,  SCS.
of fig. 3 is that maximum flotation occurs at approximately the same reduced con­
centration for CPB, TPB, DPB and for CTAB, TTAB, and DTAB, but for the anionic 
compounds the maximum occurs at a considerably lower reduced concentration 
with the shorter-chain material.
DISCUSSION
The contact angle at a solid/aqueous-solution interface generally attains higher 
values the longer the adsorbed alkyl chains.2 This is reflected in the dependence of 
flotation efficiency on chain length found here, where the decrease in maximum 
flotation with decreasing chain length can be attributed to less hydrophobic character 
conferred by the shorter chains. Further, the occurrence of maximum flotation 
efficiency, in each of the two series of cationic compounds, at the same reduced 
concentration supports the view 1 that specific attachment of cationic head groups is 
negligible and the build-up and orientation characteristics of the primary adsorbed 
layer are the same for members in a homologous series at the same reduced concentra­
tion.
Any marked differences, from member to member o f a series, in the number of 
head groups oriented towards the solution would be expected to cause differences in 
the reduced concentrations at which maximum flotation occurs. Such a difference is 
seen in the results for the anionic compounds where the maximum flotation efficiency 
occurs at a higher reduced concentration of SCS than of SDS. This supports the 
view 1 that specific adsorption of anions occurs and that, at a given reduced concentra­
tion, a greater proportion of adsorbed surfactant anions are held in head-to-surface 
orientation the shorter the chain length. Again, specific adsorption of the anionic 
head groups leads to maximum flotation efficiency with the anion surfactants at 
appreciably lower reduced concentrations than with the cationic compounds.
The absence of specific attachment of cationic head groups to the gold surface and 
the resultant dependence of build-up and orientation characteristics of the adsorbed 
layer upon the tendency for the hydrocarbon chains to be expelled from the aqueous
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phase, has been suggested 1 to explain the congruency of the £ against log (Cf Cm) 
curves for the pyridinium bromides CPB, TPB, and DPB. The present electro- 
kinetic data for the trimethylammonium bromides indicate that the extent to which 
this is generally true in cation adsorption does depend on the particular cation head 
group considered.
As the adsorbed layer builds up, it is probable that a “ critical ” concentration at 
the surface is reached before the bulk solution concentration reaches the critical 
micelle value and the formation of “ hemi-micelles ”—surface analogues of micelles 
in bulk solution—has been proposed by Fuerstenau and co-workers.3'6 Such a 
formation in the adsorbed layer will be governed both by chain length and by head- 
group interaction and the latter will become increasingly important, in any given 
homologous series, as chain length decreases. Within a homologous series there 
will be a chain length below which the degree of formation of hemi-micelles at any 
particular reduced concentration, will depend on the balance between chain interaction 
and head group interaction. It is therefore likely that for certain shorter chain 
members of the series the degree of formation of hemi-micelles occurring at a given 
extent of adsorption (given reduced concentration) varies sufficiently to cause differ­
ences: in counter-ion distribution reflected in non-congruency of electrokinetic 
potentials. The length of hydrocarbon chain to overcome this effect will depend on 
the particular head group. Thus, in the TAB series the £ against log (C/Cm) curves 
for OTAB and CTAB are congruent, with £ attaining less positive values for TTAB and 
DTAB. For the PB series, congruency occurs from chain length C12. Further 
electrophoretic studies with DePB solutions have shown low positive potentials near 
the critical micelle concentration and suggest that with chain lengths shorter than 
those leading to congruency of £ with reduced concentration, electrokinetic behaviour 
rapidly approaches that of non-surface active electrolytes.
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